ORBIT-SPECTRUM SHARING
BETWEEN THE FIXED-SATELLITE
AND BROADCASTING-SATELLITE
' ICATIONS
SYSTEMS

PREPARED FOR THE NATIONAL AERONAUTICS AND SPACE ADMINISTRAT!QNE‘

MAY 1974

'BETWEEN THE FIXE]
[BROADCASTING=S2
‘APPLICATIONS 5
Final.Report. (RA¥D Corp.




This research was sponsored by the National Aeronautics and Space Ad-
ministration under Contract No. NAS 5-21722, Views or conclusions con-
tained in this study should not he interpreted as representing the official
opinion or policy of the National Aeronautics and Space Administration.

[

¥
Published by The Rand Corporation



TGy A

" ORBIT-SPECTRUM SHARING
BETWEEN THE FIXED-SATELLITE

AND BROADCASTING-SATELLITE
- SERVICES WITH APPLICATIONS |
TO 12 GHz DOMESTIC SYSTEMS

PREPARED FOR THE NATIONAL AERONAUTICS AND SPACE ADMINISTRATION , o

EDWARD E. REINHART

R-1463-NASA
~ MAY 1974

RepmdtIc-c-d— I_: T o
NATIONAL TECHNICAL

j INF(U)SIQ’.{JIVIATIOIf\lC SERVICE |
. a.par#.menlo ommerea

Rand |
SANTA MONICA, CA. 90406

PRICES SUBJECT T0 CHANG

]._




~iif-

PREFACE

This is the final report on Tasks 1, 2, and 3 of a modification
to NASA contract NAS5-21722--titled "A Studj of Spectrum and Orbit
Sharing Between the Broadcasﬁing—Satellite Service and the Fixed-Satel=~
lite Service in the 11.7 to 12,2 GHz Band." The final report on other
tasks of this contract will appear as Rand report R-1300-NASA, Plan-
ning and Coordination of Broadeasting-Satellite Systems.

The study reported here was sponsored by NASA as a part of their
technical consultation program, It was motivated by an FCC request
to NASA for technical guidance regarding preferred methods for sharing
the 11.7 to 12,2 GHz band between the fixed-satellite and broadcasting~
satellite services. The results of the study should be useful to the
FCC in connection with its domestic regulatory responsibilities in
this frequency band., The analytic techniques and results are also
relevant to the formulation of U.S. positions in preparation for the
1977 planning conference of the International Telecommunication Union
(ITy}, which will develop international plans for the use of the 12 GHz
broadcasting-satellite band and for the 1979 ITU World Administrative
Radio Conference, which will revise the entire frequency allocation
table,

Although the emphasis is on domestic systems in the 11,7 to
12.2 GHz band, the report provides a systematiec, tutorial analysis of
the general problem of orbit-spectrum sharing among inhomogeneous
satellite systems, Building upon the pioneering studies of orbit-
spectrum utilization sponsored by the Office of Telecommunictions
Policy and upon the NASA analysis of domestic fixed-satellite system -
compatibility, it gives all of the equations needed in the analysis
and summarizes and interprets the relevant experimental data, Par-
ticular attention is paid to the problem of extrapblating_and applying
the available data on rain attenuation and to reconciling differences
in the results of various measurements of the subjective effects of

interference on television picture quality.
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An anélyﬁic method is presented to replace "trial-and-error" for
determining the approximate values of the intersatellite spacings
required to keep mutual interference levels within prescribed limits
when many dissimilar satellites share the orbit., Another powerful
and essential analytilc tool developed for this study is an efficient
new computer model for assessing the interference compatibility of
arbitrary configurations of large numbers of geostatlonary satellite
systems. Although the computer model presently is restricted to
telephone and television signals that employ frequency modulation,
it is not restricted to the 12 GHz band, and could easily be extended
to include other modulation techniques.

Hew concepts and terminology are introduced for describing and
evaluating sharing strategies, For example, the terms "'spectrum divi-
sion" and "orbit division” are used to distinguish between stratepies
in which each satellite service can use only an assigned share of the
spectrum or orbit, respectively, while enjoving unrestricted access
to the other components of the orbit-spectrum resource. The concept
of "utilization factor'" is defined as a dimensionless measure of the
effectiveness with which a service utilizes its share of the resource.
The sum of the utilization factors for the sharing services then yields
the "total utilization factor,” which affords a useful figure-of-merit
for the sharing strategy under investigation,

Each section of the report is complete in itself. Readers who are
not interested in the technical basis for the analvsis mav safely omit
Secs, III, IV, V, and the Appendix and concentrate on the detailed
description of the problem contained in Seec. II, the evaluation of

sharing strategies in See. VI, and the discussion of conclusions in
Sec. VII,
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SUMMARY

In the United States, the band 11.7 to 12.2 GHz was recently
allocated to both‘the fixed-satellite and broadcasting-satellite ser-
vices, For these services to share the allocation equitably and effi-
ciently, the design and deplovyment éf future systems will have to be
carefully regulated. To provide a technical basis for developing the
necessary rules and regulations, this report identifies and evaluatesl
a nunber of strategies for sharing the orbit-spectrum rescurce con-
sisting of the 500 MHz of spectrum in the band and a nominal 75 deg
segment of the geostationary orbit, .

~The analytic approach begins with the design of a set of four
baseline system models to represent the two services, taking care to
ensure that the choice of parameters for these systems is based on
consistent design assumptions. Alternative sharing strategies are
applied to various mixes of the baseline systems using computer s imu-
lation to verify the interference compatibility of the assumed satel-
lite system configurations. The strategies are evaluated in terms of
the effectiveness with which each service utilizes its share of the
orbit-spectrum resource, The measure of effectiveness is the hutili—
zation factor," defined as the capacity that a service can provide
when using an assigned share of the resource relative to the capacity
it could provide 1if granted an exclusive allocation of the entire
resource. The sum of the utilization factors for the two services is
the “total utilization factor," which is taken as a figure-of-merit
for the sharing strategy. ‘

Two types of sharing strategies are considered. In a spectrum-
division strategy, each service can occupy the entire orbital segment
but 1s assigned only part of the frequency band. In an orbit-sharing
strategy, the reverse is true. The principal conclusions to be drawn
from a comparison of these strategies are as follows:

The fixed-satellite and broadcasting~satellite services can share
the orbit-spectrum resocurce equitably and effectively. Both orbit-

division and spectrum-division strategles permit total utilization
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factors close to 100 percent, indicating that sharing does not sig-
nificantly jeopardize orbit-spectrum utilization.

With spectrum~-division there is no interservice interference
so that the utilization factor for each service is verv nearly pro-
portional to the fraction of spectrum allocated to it and the total
utilization factor is always near 100 percent. The spectrum may be
divided between the services im any desired proportion independent
of the characteristics of the satellite systems,

With orbit-division, interservice interference is controlled by
careful separation of satellites in the orbit and the preferred satel-
lite deployment depends on both the equipment and signal parameters of
the sharing systems. However, the problem differs onlv in degree from
that of finding compatible spacings for intraservice sharing and, for
any given combination of systems, a deployment can be found for which
the utilization factor of the corresponding orbit-division strategy
approaches 100 percent. For certain combinations of systems, the
total utilization can significantly exceed 100 percent, although in
these cases, there is a limitation on the relative size of the orbit
shares that can be assigned.

Compared with an orbit-division strategy using the same types of
systems, spectrum-division imposes a serious economic penalty: each
service has to use more gatellites to provide the same total capacity.
Since an orbit-division strategy cam provide equally high and in some
cases higher utilization factors, it is concluded that orbit-division
is to be preferred to spectrum division.

The satellite deplovment that characterizes the preferred orbit-
division strategy for a given set of systems depends on the degree of
inhomogeneity among those systems. When satellite eirps, earth-sta-
tion antenna diameters, or signal modulation indices are quite dif-
ferent, a clustered deployment in which two or more satellites of the
less powerful system are "clustered" bhetween adjacent satellites of
the more powerful system vields the highest total utilization. When
the system parameters are more homogeneous, the deployment becomes

less critical, and in most cases, somewhat higher utilization factors
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are obtained by gathering satellites of the same kind together in
clusters and minimizing the number of interfaces between clusters.

The use of sharing tactics such as frequency interleaving,
crossed-polarization operation, and crossed-beam operation, do not
normally affect the values of utilization factor for a particular
sharing strategy because it is assumed that the same tactics are

 also employed for intraservice sharing when computing'the capacities
for exclusive allocation used to normalize the utilization factor.
On the other hand, sharing tactics havé a marked effect on the scale
of the Intersatellite spacings and hence on the total number of
channels that can be provided by each service.

For a given set of systems, there will be a family of related
orbit-division strategies all having the same kind of preferred satel-
lite deployment but differing in the combination of tactics emploved.
The merit of a particular sharing tactic may be judged in terms of the
effect it has on the spacings in the characteristic satellite deploy-
ment and on the total number of channels possible with exclusive
occupancy. As a basis for comparison, the spacings and total channel
capacities for each family of strategies can be given for the "basic"
strategy in which frequency interleaving, crossed-polarization, and
crogssed~beams are not used, the telephone interference objective is
1000 pWOp, and the television protection ratio doesn't allow for

"interference-masking" by noise.

For example, with the basic strategic assumptions and an appro-
priate division of the 75 deg of orbit between the two services, the
fixed-satellite service can provide at least 200,000 simplex (100,000
duplex) telephone channels, with either of two earth stations, while the
broadcasting-satellite service can provide in the order of 100 tele-
vision channels for individual feception, or 200 television channels
for community reception. These capacities are roughly equal to the
aggregate capacity of the 20 domestic fixed-satellite systems originally
plaﬁned for the 4 and 6 GHz bands., They are also quite comparable to
‘the U.S. demand for all satellite services projected to 1980 by one

analysis of future market potential,
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The foregeing basic capacities can be increased significantly
by including additional sharing tacties in the basic strategy appro-
priate to each mix of svstems. Thus, if alternate polarization is
used on all adjacent satellites in the deployment, parametric analysis,
verified by computer simulation, shows that spacings can be cut in
half and the total capacities doubled. If carrier-frequency inter-
leaving is used in addition to crossed polarization, the capacity of
each satellite will be doubled and the total capacity, compared with
the base case, quadrupled.

Since there is little likelihood of interference from terrestrial
systems in the 11.7 to 12.2 GHz band in the United States, the inter-
ference objective for fixed-satellite links could be doubled to 2000
pWOp with an accompanying 24 percent decrease in spacing and increase
in capacity for this service. If the protection ratioc for individual
reception is lowered by 6 dB to account for the masking of interfer-
ence by noise at the 43 dB output signal-to-weiphted noise level
assumed for this type of service, the number of channels could he more
than doubled.

1f the positions of bhroadcasting satellites with nonoverlapping
service areas are arranged to vield crossed-path operation, as de-
scribed in Sec., V, the spacing of those satellites can be reduced hy
as much as 30 percent with a corresponding increase in total channel
capacity,

The use of sidelobe reduction techniques on earth-station anten-
nas can yield further spacing reductions and capacity increases if the
sidelobe suppression is greater than the single~entry protection ratio
for interference from adjacent satellites after proper allowance for
differences in eirp, frequency offset, and satellite antenna direc-
tivity., In a computer simulation involving fixed satellites with
32 ft earth-station antennas and broadcasting satellites with 3 ft
antennas, the capacity increase was about 30 percent.

Although the methods and results developed in this study provide
the technical basis for developing an effective grbit-spec-
trum plan for domestic 12 GHz fixed- and broadcasting-satellite sys-

tems, it is considered premature to draw up such a plan at this time.
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More exact knowledge is needed and should be developed in a number of
areas including the nature, diversity, and magnitude of potential
future demands in the two services, the values of interference protec-
tion ratios to be adopted for television transmission, the permissible
interference levels in telephone channels, the antenna patterns and
sidelobe polarization diserimination that can be realized in practice,

system margins for rainfall, and the effect on orbit-spectrum utiliza-

" tion of using digital modulation techniques in both services.
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1. INTRODUCTION

In January 1973, the U.S. National Table of Frequency Alloca-
(1}

tions was revised to reflect changes in the international alloca-
tion table that were to become effective that month. One of these
revisions provides that the frequency band from 11,7 to 12.2 GHz is
to be shared on an equal basis by domestic systems in both the fixed-
satellite and the broadcasting—satellite services. The allocation is
an important one to both services. In the case of the broadcasting-
satellite éérvice, which hitherto had no frequency allocations at all,
it provides enough spectrum for extensive future development of oper-
ational systems using technology currently under development. In the
case of the fixed-satellite service, the allocation offers a useful
alterpative to the 3.7 to 4.2 GHz band which will become increasingly
crowded as Canadian and U.S. domestic fixed-satellite systems are put
into operation.

To ensure that U.S. systems in the two services enjoy an equal
opportunity to use this new joint allocation despite an anticipated
earlier demand for fixed-satellite systems, and also-to engsure that
each service uses the allocation efficiently, it will be necessary for
the Federal Communications Commission (FCC) to set forth rules govern-— :
_Ing the design and deployment of operational systems. The principal
purpose of the study reported here is to identify, compare, and evalu-
ate some of the aiternative sharing strategies that might be considered
in deﬁeloping the needed rules. The scope of the study and the ap-
proach used may be inferred from the following synopsis of the report.

Section II describes the sharing problem in its general and spe-
cific aspects, It reviews the pertinent international and domestic
radlc regulations, introduces the general concepts for analyzing the
problem and selecting a sclution, describes the gpecifies of the prob-
lem in some detail, and outlines the simplifying assumptions introduced
for purposes of analysis.

Section III is concerned with the characteristics of the fixed-

satellite and broadcasting-satellite systems that might be developed



for the 12 GHz band. In particular, the design of rf links to meet
applicable noise objectives in the face of fading is discussed, data
on the fading statistics at 12 GHz are introduced, and specific refer-
ence or baseline system designs are postulated for use in evaluating
gharing strategies.

Section IV turns to the problem of predicting the interference
that arises in a sharing environment. It presents equations for com-
puting the effects of interference on the quality of the messages
carried by fixed- and broadcasting-satellite systems in terms of the
signal, hardware, and geometrical parameters that describe the rf
links of these systems. Also given are detalled models of the antenna
patterns needed in the computations.

Section V uses the equations of the preceding section as the basis
for a detailed discussion of the relative effectiveness of the various
sharing tactics--i.e,, the elements of system design and deployment
that reduce intersystem interference and thus enhance orbit and spec-
trum utilization. Special attention iz given to the effects on satel-
lite spacing of various kinds of system inhomogeneities and the advan-
tages to be gained from careful coordination of the frequencies and
polarizations of interfering links.

Section VI identifies a number of different sharing strategies
and applies them to the system models introduced in Sec. III. The
comparative performance of these strategies in terms of simple quanti-
tative measures of orbit and spectrum utilization is evaluated both
pérametrically and through application of a comprehensive new computer
simulation program.

Section VII summarizes the conclusions to be reached from the
sharing strategy comparison, and suggests a number of subjects for
further investigation.

A detailed description and listing of the computer program for
de;ermining the interference performance of specific configurations

of fixed- and broadcasting-satellite systems is given in an Appendix.



11, THE SHARING PROBLEM

REGULATORY ASPECTS

'The interservice orbit-gpectrum sharing problem in the 11.7 to
12.2 GHz band originated with and is circumscribed by the international
and national radio regulations. Therefore, it is appropriate to begin
this description of the problem with a review of the relevant regula-

tions. -

Historical Background

In 1963, the International Telecommunication Union (ITU) took
official action to acknowledge that systems employing satellite-borne
repeaters would soon become praétical alternatives to purely terrestrial
systems for many of the basic radio communication services. At the
Extraordinary Administrative Radio Conference (EARC) of that vear,
satellite counterparts for several of the familiar terrestrial ser-
~vices, including the fixed sarvice* and the broadcasting service, were
defined.- Several frequency bands were aliocated to what was to become
the fixed-satellite service,** but it was decided that operatiodél
satellite~broadcasting systems lay too far in the future to warrant
allocation action by the EARC. (2)

During the next few years, several international fixed-satellite
systems went into operation, a demand for domestic fixed-satellite
systems developed, and it became clear that safellite systems for tele-
vision broadcasting, earth exploration, and other applications were
becoming economically, as well as technically, feasible, 1In response
to these developments, the ITU in 1971 sponsored a ﬁorld Administrative
Radio Conference for Space Te;eéommunication {WARC-ST) in order to

‘revise again the international radio regulations to accommodate the

* S .
Defined by the ITU as "A service of radiocommunication between
spegified fixed points."

The fixed-satellite service was originally called the communica-
tion~satellite service.



needs of satellite systems. Among many other actions, the WARC-ST
refined the definitions of all the space services, provided frequencies
for the first time to the broadcasting-satellite service, and extended
the existing allocations of the fixed-satellite service to several new

bands.(3’4)

Service Definitions

The WARC-ST definitions of the broadecasting-satellite service and
the fixed-satellite service eliminated references to passive satellites
contained in the original EARC definitions, and distinguished between
two types of reception in the former. In particular, the broadcasting-
satellite service was defined as "A radiocommunication service in which
signals transmitted or retransmitted by space stations are intended for
direct reception by the general public. [Note:] 1In the broadcasting-
satellite service, the term 'direct reception’ shall encompass both in-
dividual reception and community reception.”

Individual reception was defined as ''the reception of emissions
from a space station in the broadcasting-satellite service by simple
domestic installations and in particular those possessing small antennae,"

Community reception was described as "'the reception of emlssions
from a space station in the broadcasting-satellite service by recelving
equipment, which in some cases may be complex and have antennas larger
than those used for individual reception, and intended for use: by a
group of the general public at one location; or through a distribution

system covering a limited area."
In its WARC-ST definition, the fixed-satellite service was

defined as "a radiocommunication service: between earth stations
at specified fixed points when one or more satellites are used; in
some cases this service includes satellite-tosatellite links, which
may also be effected in the inter-satellite service; for conmection
between one or more earth stations at specified fixed points and
satellites used for a service other than the fixed-satellite ser—

vice (for example, the mobile-satellite service, broadcasting satel-

lite service, etc.)}."



The International and Domestic Allocations

Frequencies allocated to the broadcasting-satellite service at
the WARC-ST included the bands 2500 to 2690 MHz, 11.7 to 12.5 GHz, and
22.5 to 23 GHz: to be shared with certain other services,in‘specifiéd‘
geographic regions, plﬁs éxclusiﬁe worldwide allocations of the bands
41 to 43 GHz and 84 to 86 GHz. In addition, frequency assignments to
television stations using frequency modulation in the broadcasting-
satellite service were to be allowed in the band 620 to 790 MHz, sub-
ject to agreement between the administrations concerned and affected.

The broadcasting-satellite service allocation in the neighborhood
of 12 GHz is the one of interest in this report and is shown in Table L.
In iTU Regions 1 (Europe, Africa, and the USSR) and 3 (South Asia and
Australia), the allocation offers 800 MHz of spectrum for broadcasting-
satellite systems but requires that such systems share frequencies on
a coequal basis with the terrestrial fixed, mobile, and broadcasting
sérvices. .

In Region 2 (North America, South America, and Greenland), the
uppef limit of the broadcasting-satellite allocation is redﬁced-to 12.2
GHz (from 12,5 GHz), but the number of sharing services is expanded to
include space-to-earth paths (downlinks) in the fixed-satellite service.
Footnote 405BC to the allocation table restricts both fixed-satellite
and broadcasting-satellite systems in Region 2 to domestic, as opposed
to International, systems.

However, unlike the broadcasting-satellite service allocations at
lower frequencies, and unlike the fixed-satellite service allocations
at both lower and higher frequencies, the radio regulations do not spe—
cify a power flux density limitation on satellite emissions in the 11.7
to 12.5 GHz band.

In adapting the WARC-ST Region 2 allocation to U.S. needs,(l) the
FCC reduced the number of services sharing the 11.7 to 12.2 GHz band

on an equal basis from five to two. This was done as shown in Table 2



Table 1

INTERNATIONAL FREQUENCY ALLOCATIONS IN THE NEIGHBORHOOD OF 12 GHz

Region 1 Region 2 Region 3
11.7-12.5 11.7-12.2 11.7-12.2

FIXED
MOBILE except
aeronautical mobile

FIXED
FIXED-SATELLITE
(space—to—earth)

FIXED
MOBILE except
aeronautical mobile

BROADCASTING MOBILE except BROADCASTING
BROADCASTING~SATELLITE aeronautical mobile BROADCASTING-SATELLITE
BROADCASTING
BROADCASTING-SATELLITE
405BB 405BC 405BA
12.2-12.5
FIXED
MOBILE except aeronautical wmobile
405BA BROADCASTING
405BA ....existing and future fixed, mocbile, and broadcasting services

shall not cause harmful interference to broadcasting-satellite

stations......

405BB Terrestrial radie communication services...shall be introduced
only atter...approval of plans for the space....services...

405BC

The use of the band...by the broadcasting-satellite and fixed-

satellite services is limited to domestic systems and 1is subject
to previcus agreement between the administrations concerned and

. affected. ..

SOURCE:

International Allocation Table.

(3,4)

Table 2

UNITED STATES FREQUENCY ALLOCATIONS IN THE NEIGHBORHOOD OF 12 GHez

Band

(GHz) Service Class of Station

11.7~ BROADCASTING-SATELLITE Common carriler land

12.2 FIXED SATELLITE Common carrier mobile
Mobile (except aeronautical

mobile)
NG105
NG105 In the band 11.7~12.2 GHz, asaignments in the Broad-

casting Satellite and Fixéd Satellite Services will not
be made pending further order of the Commission

SOURCE: U.S. Table of Frequency Allocations.(l)



by eliminating the terrestrial fixed and broadcasting services alto-
gether and by permitting the mobile service to use the band only on a
secondary (non-interfering) basis. Along with this action, the FCC
raised the important question of just how 'equal sharing" between the
two permitted satellite services was to be carried out.

A proposal to split the band into two sub-bands, although not
necessarily of equal width, with the fixed-satellite service primary
to the broadcasting-satellite service in the lower sub-band and secon-
dary in the upper, was discuésed in the preliminary FCC notice regard-
ing the incorporation of the WARC-ST allocations into the national '

(5)

This proposal was subsequently dropped in response to objec-

(6)

table.
tions by potential fixed-satellite system applicants who felt that

a more effective arrangement would be to allocate portions of the visi-.
ble geostationary orbit, rather than the frequency band, to each service.

In the final version of the U.S. Table of Frequency Allocations,( ?
the FCC left open .the question of how the 11.7 to 12.2 GHz band was to
be shared by the two services. Footnote NGl05 was included to prohibit
assignment of frequenciles to eitherlservice pending further action by'
the FCC. |

The frequency-sharing problem implied by the allocations in the
11.7 to 12.2 GHz band is, of course, not confined to that band; to
paraphrase an old adage to apply to satellite relay systems,‘"whatlx
comes down, must have gone up." So, before leaving the subject of
allocations, it is necessary to consider briefly the frequency bands
that may be used for transmitting to satellites in the fixed- and broad-
casting~satellite services the signals that they will radiate back to
earth in the 11.7 to 12.2 GHz band.

Since signal processing in the satellite (other than.amplification '
and frequency shifting) is not presently contemplated for eiéher ser-—
vice, the amount of spectrum required for uplinks is the same as for
downlinks. Inasmuch as the uplinks for broadcasting satellites were
defined to be part of the fixed-satellite service, it follows that a
500 MHz allocation td the fixed-satellite service (earth-to-space) is -

needed.



In the international radio regulations, the band 10.95 to 11.2 GHgz
is allocated to this service in Region 1 and the band 12.5 to 12.75 GHz
in Regions 1 and 2. However, the only worldwide 500 MHz allocation to
fixed-satellite uplinks In the neighborhood of 12 GHz is the band 14.0
to 14.5 GHz, which is to be shared equally with the radionavigation
service from 14.0 to 14.3 GHz, the radionavigation-satellite service
from 14.3 to 14.4 GHz, and the fixed and mobile services from 1l4.4 to
14,5 GHz. The U.S, allocation table further restricts sharing in this
band by barring services other than the fixed-satellite service from
the sub-band 14.3 to 14.5 GHz, although it does permit the space re-
search service to use parts of the band on a secondary basis. For
purposes of analysis in this report, the band 14.0 to 14.5 GHz will be
adopted as the uplink counterpart to the 11.7 to 12.2 GHz band.

GENERAL CONCEPTS

Before looking at other specifics of the 11.7 to 12.2 GHz sharing
problem, it will be useful to discuss some of the general concepts and

quantities in terms of which the problem may be described.

Communication Needs and Message Channels

Probably the most basic component im the description of a problem
involving communication systems is a characterization of the real or
potential communication needs (demands, requirements) to be met by the
systems. The elements of such a characterization are the "needlines"
or message channels to be provided--~i,e., the number, type, quality,
and reliability of information channels, the locations of their end
points or terminals, and the times or fraction of the time that they
will be needed.

The definition of services by the ITU may be viewed as an attempt
to categorize message channels according to the nature and mobility of
their terminals, the number of receiving terminals to be reached from
a single transmitting terminal, the operational purpose of the messages
carried, and the type of relays employed. Thus, the fixed sarvice
includes all message channels between palrs of fixed points; the mobile

service comprises channels between fixed points and terminals on land,
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sea, and airborne vehicles; and the broadcasting service involves one=-
way message channels carrying programs from a few transmitters to a
very large number of receivers. The satellite counterparts of these
services represent subdivisions of the same categories of message chan-
nels according to the type of transmission péth.

The classification of message channels by service provides a basis
for dividing up the total worldwide communication needs into identifi-
able portions to each of which an appropriate fraction of the spectrum
resource can be allocated by geographic region. The allocation process
is of course a dynamic one. A block of communication needs, or more
accurately, the market for the associated message channels, is closely
tied to the technical and economic feasibility of the communication
systems that can be built to provide the channels. A frequency allo-
cation to one or more services should anticipate and, insofar as pos-
sible, match the needs that develop within those services during the
time between allocation conferences. Fortunately, as will be seemn,
the capacity of a given band of frequencies in terms of message chan-
nels is an extremély flexible quantity and depends on the extent to
which the rf channels within the band are reused within and among sys-

tems to provide independent message channels.

Systems and rf Links

As just noted, a frequency allocation circumscribes a communication
problem to the extent of specifying the types of message channels to be
provided according to services, indicating the radio spectrum that may
be used by each service in various regions of the world, and sometimes
imposing limitations on system parameters with the object of facilitat-
ing interservice frequency sharing. The next step in defining the
problem is to partition the total demand for message channels encom-
passed by the allocation among independent systems.

Administrative considerations often encourage this partition to
follow national and-service boundaries, while economies of scale may
make multinational (regional) and multiservice systems attractive. In
other cases, the demand for one type of service in one nation may be
so large or diverse as to encourage the development of several inde-

pendent systems. As a practical matter, the number and type of message
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channels to be provided by a particular system is normally determined
through a cost-revenue or cost-benefit analysis by the corporation or
agency underwriting the development of the system,

Whatever the basis for determining the message chanuels to be pro-
vided by a given system, one of the first tasks of the system designer
is to decide how to group the desired message channels onto rf carriers
between specified transmitting and receiving stations. Each such group-

1"

ing of message channels will be referred to as an '"rf link, The system
as a whole may then be described in terms of the rf links that it pro-
vides or is capable of providing.

In the case of the broadcasting- and fixed-satellite systems of
interest in this report, each rf link is simply a one-way communication
channel formed by transmitting a single modulated carrier from one
earth station via a satellite toc one or more receiving earth stations
within the geographic area covered by the satellite transmitting an-
tenna beam., Thus an rf link, or simply a link, in a satellite system,
consists of the tandem combination of an uplink and one or more down-
links.

A 1link is defined by the characteristics of its rf signal, the
geometry of the signal path(s), the parameters of the equipment through
which the signal passes, and the schedule, or the fraction of the time,
that the link is to be available. More specifically, an rf link is
described by the number and type of message channels carried and the
details of how they are applied to the carrier, the locations of the
transmitting earth station, the satellite, and the receiving earth
station(s), and, for the uplink and each of the downlinks, by the car-
rier frequency, the transmitter power, the antenna patterns, polar-
izations, and pointing directions, and the receiving system noise
temperature.

Of these several characteristics, those of the rf signal are the
most definitive, FEven though two links follow the same geometric path
and pass through the same equipment, they are counted separately if
they involve different rf signals. This is altogether appropriate,
since such links can have quite different noise and interference per-

formance, despite their other similarities.
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The concept of an rf link will be elaborated further in the next
subsection with examples for the two services of interest. Suffice
it to say here that the key to compatible sharing and efficient use
of the spectrum and the orbit lies in the design of the rf links that

compose the systems that share these resources.

Sharing Tactics, Strategies, and Objectives

Careful design and coordination among rf links is especially
important to satellite communication systems sharing a given frequency
band because the potential capacity of the orbit and spectrum can be
approached only by using the same or overlapping rf channels on many
different rf links. Such frequency reuse inevitably creates mutual
interference which degrades the quality of the messages carried by the
links but, through proper link.design and coordination, this quality
impairment can be kept to acceptably low levels.

An analysis of the dependence of output message quality oﬁ the
parameters of the signals, geometry, and equipment that characterize
two interfering links reveals the various rules of.link design and
coordination that can be applied to reduce interference and to facili-
tate sharing. Individual rules of this sort will be called "sharing
tactics.” Examples include the use of opposite polarization on co~
channel links to adjacent satellites, the grouping of satellites with
similar characteristics in the same part of the orbit, and the sup~
pression of sidelobes on earth-station antennas.

A coordinated set of sharing tactics applied to the design and
- deployment of systems will be referred to as a "sharing strategy.". It
is apparent that there are both intrasystem and intersystem sharing
strategies., Although the same basic principles or tactics are involved
in both, an intrasystem strategy is concerned primarily with rules
governing the equipment parameters of the sysfem and the deployment of
its satellites relative to its earth stations. The objective of such
'a strategy is to satisfy a limited set of communication needs as eco-
nomically as possible while keeping intrasyétem interference td accep-
table levels,

An intersystem sharing strategy, on the other hand, tends to take

the system parameters as given and is more concerned with the relative
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positions of the satellites in different systems and the coordination
of carrier frequencies and polarizations of the rf signals that these
systems radiate. The effectiveness of a particular intersystem shar—
ing strategy obviously depends on the details of the systems to which
it is applied. TIts objectives are of course broader than those of an
intrasystem strategy. Most fundamentally the objectives are to permit
the systems of all nations and services that are authorized to share a
given allocation to satisfy the total communication need for which the
allocation was established without causing excesslve intersystem inter-
ference,

Ideally, the objectives of an intersystem orbit-spectrum sharing

strategy would also include the following points:

1. Ensure reasonably efficient utilization of the orbit-
spectrum resource by the systems of each service.

2. FEnsure that systems of each service and nation will have
access to a share of this resource proportional to its fore-
seeable needs.

3. Permit each service to grow at its own pace and with as much
design independence as is consistent with objectives 1 and 2.

4, Equalize and, to the extent possible, minimize the economic

impact of sharing on each service.

In connection with objectives 3 and 4, it should be noted that a
sharing strategy might include a sequence of design constraints to be
applied progressively as the total number and diversity of active sys-
tems grows in time. The guideline here would be to constrain each new
system only to the extent required for the maximum degree of sharing
anticipated during its lifetime. An obvious problem in the practical
application of such a phased strategy is its requirement for accurate

long-range predictions of future systems growth.

Orbit and Spectrum Utilization

Efficient orbit-spectrum utilization has been listed as an 1impor-

tant c¢riterion in selecting a sharing strategy. The recommended
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(7

quantitative measure of this quantity is the number of channels per
MHz of bandwidth and (angular) degree of orbit, based on the total
capacity provided by all of the systems occupying the specified fre-
quency band and orbital arc. To compare systems providing different
types of message channels, channel capacity is sometimes expressed in
terms of equivalent 4 kHz telephone channels, A television channel,
for example, may be reparded as equivalent to from 800 to 1200 tele-
phone channels in terms of the transponder capacity required for
transmission.

The numerical value of the orbit-spectrum utilization achieved
in a particular configuration of systems is very much dependent on the
signal, geometric, and hardware parameters of the rf links that com-
prise those systems, and on the degree of interlink frequency and polar-
ization coordination embodied in the sharing strategy. To judge the
~efficlency of a strategy for sharing the orbit-spectrum resources be-
tween two different satellite systems, an appropriate basis for com-
parison is the utilization facteor, defined as the ratio of the utili-
zation achieved by each kind of system to the utilization that could
be achieved by that kind of system if it were to occupy the total
orbit-spectrum segment exclusively. The total utilization factor is
then the sum of the utilization factors achieved by each kind of system
" involved in the sharing. The higher the total utilization facter the
more efficient the strategy. It is of particular interest to observe
how the system and total utilization factors vary with the fraction of
the orbit—spectrum resource assigned to each type of system in the

shared configuration,

" SCOPE OF THE PROBLEM

Using the concepts just described, the magnitude and complexity
of the sharing problem implied by the national allocation in the neigh-
borhcod of 12 GHz will now be surveyed in greater detail, including the
extent of ;he resource to be shared, the participants in the sharing,
the nature of the communication needs, and the diversity of systems

that might be built to satisfy those needs.
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The Spectrum Resource

The spectrum resource to be shared is of course the 500 MHz band
from 11.7 to 12,2 GHz for space-to—earth transmissions, and the 500 MHz
band from 14.0 to 14.5 GHz adopted for the corresponding earth-to-space
transmissions.

The eligible shareholders are the approximately 25 national admin-
istrations in ITU Region 2. Each of these countries has the right to
authorize use of the 11.7 to 12.2 GHz band for domestic broadcasting-
satellite systems providing community and/or individual reception and
also for the downlinks of domestic fixed-satellite systems. Moreover,
although the United States has restricted primary use of the 11.7 to
12.2 GHz band to these two satellite services, other countries in
Region 2 may, at their option, alsc use the band for terrestrial sys-
tems in the fixed, mobile (except aercnautical mobile), and broad-
casting services. This is relevant to U.S. use of the band because
operation of satellite systems is "subject to previous agreement between
the administrations concerned and those having services operating in
accordance with the [frequency allocation] table which might be'
affected."

Similarly, the same national administrations can use the 14.0 to
14.5 GHz band for fixed-satellite service uplinks corresponding to their
broadcasting-satellite and fixed-satellite downlinks in the 11.7 to 12.2
GHz band. They can also use portions of the band for the terrestrial
fixed, mobile, and radionavigation services and the radionavigation-
satellite services, although the United States has eliminated all but

the terrestrial radionavigation service from equal sharing.

The Orbit Resource

Although the frequency bands to be shared by all Region 2 countries
are the same, this is not true of the orbit resource. For a particular
nation, the usable orbital arc is only that portion of the geostationary
orbit visible above a specified minimum elevation angle from all poten-
tial earth-station transmitting and receiving sites within the nation.
Hence the position and extent of the usable arc depends onm the location

and size of the country.
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Figure 1 shows the usable arc corregponding to minimum elevation
angles of 5 deg and 10 deg for most of the countries of the Americas.
It will be noted that the greater the longitudinal extent of a nation,
the narrower the range of orbital positions from which the entire na-
tion can be served. For example, referring‘to Fig. 1, the orbital arc
visible above 10 deg everywhere within the Continental United States
is the 75 deg segment between 57 and 132 deg weéf longitude. Adding
Hawaii reduces the usable arc to the westernmost 43 deg of this seg-
ment, and adding Alaska further reduces the usable arc segment to less
than 23 deg, even if the minimum elevation angle requirement Is lower-
ed to 5 deg.

It should also be noted that, because of their comparativelyi
smaller longitﬁdinal width and/or‘more easterly location, all nations
south df the United States can use portions of the arc not usable by
the United States. For example, considering the arc above 10 dég ele~
vation angle, Brazil has an orbital ségment 55 deg ﬁide which is not
usable in the United States. This fact should help.to elinminate pos-
sible conflicts of interest over the saﬁe orbifal segment.

Several considerations relative to positioning satellites in orbit
should be mentioned in this connection. First of all, when the sun
passes through the beam of an earth-station receiving antenna (as it
will for a few minutes of a few days near the equinoxes), itlcan cause
a significant temporary increasé in received noise power. Operators
of systems containing more than one satellite may justifiably wish to
separate their satellites by at least 15 deg éo that no two satellites
will be affected within the same ﬁour. ‘ _'

The second consideration is also dependent on solar-system geom-
etry and is of importance to satellite sysfems whose spacecraft do not
include a battery power supply which permits them to operate when the
earth's shadow cuts off solar cell power for periods of up to 72 min-
utes a day around local midnight near the equino#es. Operators of
such systems may wish to position their satellites to the west of the
western boundary of their service area so that this power failure will

not occur until after local midnight.
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Yet another consideration is of particular interest to planning
for the broadcasting-satellite service, To keep ground receiving
antenna costs low, most broadcasting—sateilite systems contemplate
using fixed antenna mounts; hence, all channels destined for a given

group of receivers should be transmitted from the same orbital positionm.

Rf Links and Potential Demand in the Fixed-Satellite Service

As previously noted, a satellite communication system may be
viewed as an aggregate of rf links, and an rf link may be viewed as
an agpregate of message channels having the same terminal points.
Thus, a description of the rf links likely to be needed in the fixed-
satellite service can serve both as a summary of the anticipated com-
munication needs to be met by the service and as a guide to the sorts
of systems that might Be built. As previously noted, the defining
parameters of a link are those that describe its peometry, continuity,
rf signal characteristics, and hardware, ‘
Geometry. Since the 12 GHz band is restricted to domestic systems,
the rf links in the fixed-satellite service of a nation can, in prin-
ciple, coﬁnect only earth stations within the borders of that nation.
The only fix%d;satellite system so far proposed for the United States
8

in this band envisioned high-capacity links between earth stations
in 15 major cities in the centiguous states, plus additional stations
in Hawaii and Alaska. The proposal also contemplated the provision
of comparatively low-capacity links on demand bétween any two sub-
scribers having the necessary earth-station installations.

A link in a fixed-satellite system usually involves only a single
pair of éarth stations, since all of the méssagé channels on the asso--
ciated carrier are intended for the same destination. However, a link
may also be multidestinational--its carrier modulated by a multiplex
of several groups of message chanﬁels, each, group destined for a dif-
ferent earth station. In this case the entire carrier must be recelved
and demodulated at each destination. Fixed-satellite links carrying
telephone channels usually oceur in oppositely directed péirs of the
same capacity for obvious reasons, although the link from A to B need

not utilize the same satellite as the link from B to A.
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Continuity. Rf links in the fixed-satellite service may be either
continuous or intermittent.* When there is a relatively continuous and
constant amount of message traffic between a pair of earth stations, it
is appropriate to establish continuous permanent or preassigned links
between them. On the other hand, when traffic is intermittent or highly
variable, more efficient use of satellite capacity is achieved by
"demand assignment" of rf links. For this type of link, the bandwidth
of a satellite transponder may be divided into a large number of compar~
atively narrow rf chamnnels, which are assigned as needed to form rf links
between pairs of earth stations. For example, in the Intelsat embodi-
ment of thig conecept, called SPADE,(Q_ll) the 36 MHz bandwidth of a
transponder is divided into 800 channels each 45 kHz wide, and each
capable of carrving a gingle PCM (pulse code modulation) telephone
channel on a PSK (phase-shift-keyed) carrier. To conserve transponder
power, an assigned channel carries power only when the associated tele~
phone user is actually speaking, making the link intetrmittent in a
second sense,

Since any properly equipped pair of earth stations can at one time
or another be assigned to any one of the 800 channels, the number of
possible different intermittent -links through the transponder is very
large. TFor example, if there are 30 earth stations,‘the number of pos-
sible links is 800 x 30 x 29 = 6956,000.

There is of course a great deal of similarity among these links.
Thus, the 1600 links corresponding te any one of the 435 possible earth-
station pairs differ from each other only in carrier frequency or di-
rection of transmission. Moreover, out of the grand total number of
links, no more than 800 can be assigned at any one time and, because
of voice actuation, fewer than half this number will be active simul-~
taneously. Neverthelegg, when analyzing interference to or from other
systems using the 36 MHz of bandwidth assigned to the SPADE transponder,
each of the 696,000 possible rf links should be considered.

Rf Signal Characteristics. The rf links of the 12 GHz domestic

fixed-satellite systems can eventually be expected to provide all of the

*
Deliberately intermittent, as opposed to the unintentional dis-
continuities provoked by propagation outages or equipment failure.

‘;
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types of messapge channels offered by terrestrial common céarriers and

4 GHz domestic satellites including single and multichannel transmis-
sion of teletype, telephony, data, facsimile, and video, plus distribu-
tion of high-quality television programming. o '

The characteristics of the rf signals on these links will of course
depend on the number and type of message channels carried and on the
parameters of the message processing, multiplexing, and modulation
methods used. These combinations will in turn be influenced by the rf
bandwidth to be used for satellite transponders and the amount of trans-
ponder ‘output power backoff required to keep intermodulation at accep-
tably low levels when more than one carrier uses the same transponder.

Fixed satellites of both domestic and international systems de-
signed for the 4 and 6 GHz band now use transponders with 36 MHz band-
widths. Each satellite uses the entire 500 MHz allocation--either for
12 transponders in nonoverlappihg 40 MHz channels, or 24 transpbndefs
in overlapping channels (domestic systems only) such that the center
frequency of one transponder lies in the guard based between adjacent
transponders.‘_

(12)

Typical signals in the domestic systems use the full trans-
ponder bandwidth for FM (frequency modulated) signals carrying a single
television channel or several hundred telephone channels in FDM (fre-
quency division multiplex). Imn the current international (intelsat 1v)

(13 rf signals range from a four-phase PSK carrier using a 45

system,
kHz channel for a single PCM encoded telephone channel or an equivalent
amount of digital data, through a sequence of FDM/FM signals with capac-
ities from 24 to 972 telephone channels and bandwidths ranging from

2.5 to 25 MHz in steps of 2.5 MHz, to a 36 MHz FDM/FM signal carrving
from 972 to 1872 telephone channels or one television channel with two
associated sound channels. As‘with terrestrial fixed systems, the
telephone channels may also be used individually or in groups to carry

teletype, data, and facsimile at various rates.

Equipment Parameters. The sizes and types of transmitters, anten-

nas, and receivers used for the rf links of fixed-satellite systems
depend, as in any radio communication system, on a variety of technical,

economic, operational, and environmental tradeoffs, which will be
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elaborated upon in subsequent sections. The tradeoff of particular
interest to sharing is between satellite eirp (equivalent isctropically
radiated power) and earth-station sensitivity or figure-of-merit (ratio
of receiving antenna gain to system noise temperature). The product of
these two quantities for a given link must exceed a minimum value equal
to the preduct of the link path loss (including fading margin) and the
received carrier-to-noise temperature ratio required to yield the de-
sired output message quality,

As the cost of an earth station is reduced by reducing the size
of its antenna or by using a noisier receiver, thus lowering its figure-
of-merit, the cost of the satellite will increase (if its capacity is
to remain the same), since it must provide a proportionately higher
eirp to that earth station. This might be a favorable trade in terms
of total system cost as the number of earth stations becomes large
(though not so favorable as for a broadcasting-satellite system where
all earth receivers in the system are served by rf signals from the
‘same satellite),

However, as the diameter of the earth-station antenna is decreased,
its beamwidth increases and the spacing of satellites transmitting on
the same frequency must be increased, thus reducing the potential ca-
pacity of the orbit and spectrum. Moreover, the accompanying increase
in satellite eirp on that frequency will cause greater interference to
co-channel receivers in other systems, causing a further reduction in
orbit-spectrum utilization.

In the face of these tradeoffs, earth-station antenna sizes-in
the 12 GHz band can be expected to range between 10 and 32 ft. It is
interesting to note that this corresponds closely in terms of gain and
beamwidth to the range of 32 to 97 ft used in existing and planned 4
GHz domestic fixed-satellite systems.

Satellite eirps for an rf 1link using a given receiving-antenna
size will then depend on the number of channels carried by the link.
However, since the smaller earth stations will presumably serve users
with smaller channel requirements and possibly lower message quality
objectives, the variation in eirp per link will likely be much smaller

than the 10:1 range in earth-station antenna gain (corresponding to the
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3.2:1 range in antenna diameter). Based on the first proposal for a

12 GHz domsat system,(g)

the maximum eirp from a satellite transponder
is likely to be on the order of 46 dBW.

Total Communication Needs. No attempt will be made to predict

either the ultimate communication demands that 12 GHz fixed-satellite
systems may be called upon to meet in various countries or the rate of
growth of these demands. However, some indication of the future market
potential in the United States can be obtained from the analysis of
Booz-Allen and Hamilton, which was included with the 1971 domestic-

(8)

satellite system application of the MCI Lockheed Sateliite Corpor-
ation. For purposes of this analysis, the market was divided into the

following seven major categories:

o Leased private telephone circuits.

o Leased data transmission circuits.
o Leased low-speed message services.

o CATV program distribution.

o Electronic special delivery of mail,
o TV/radio program distribution.

o Common-carrier trunk lines.

The estimated total interstate circuit requirements (in equivalent
4 kHz duplex chanmels) are shown in Table 3. If it is assumed as in
Ref. 8 that satellite systems can offer lower rates than terrestrial
gystems for distancés over 1000 miles, and that approximately 20 per-
cent of the total demand in all market categories is for such distances,
then the total potential demand for satellite service would rise from
about 90,050 equivalent 4 kHz duplex circuits in 1975 to 271,000 such
circuits in 1985. Altermatively, if it is assumed that satellite
systems would attract virtually all rather than only 20 percent of the
market for electronic mail delivery, the foregoing total demands would
increase to 100,000 circuits in 1975 and to 310,000 circuits in 1985.

In assessing these demand eétimates, it -must be borne in mind
that the approximately twenty U.S. domestic satellites already planned

for the 4 GHz band will have a total capacity (on a single channel per
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Table 3

PROJECTED COMMUNICATION NEEDS

Required Capacity
(Thousands of Duplex
4 kHz Circuits)

Demand Category 1975 1980 1985

Leased private-line voice 181 266 391
Leased data transmission? b 22 40 87
Low-speed message transmission 1.6 1.6 2
CATV distribution® d 1.6 2.4 3.2
Electronic special delivery of mail 12.4 24.4 48.4
TV/Radio program distribution® 9.6 9.6 10.8
Common—carrier trunk lines 220 423 813
Totals 448 767 1355

20% of totals 90 153 271

% Assumes 12 low-speed data channels per telephone chanmel;
1 medium-speed data channel per telephone channel;
1/3 high-speed data channel per telephcone channel.

bAssumes 12 message-service channels per telephone channel.

CAssumes 1 TV channel is equivalent to B00Q simplex telephone
channels.

dAssumes 1 facsimile channel is equivalent to 3 telephone
channels.

transponder basis) in the order of 150,000 equivalent duplex 4 kHz
channels and thus might be expected to meet most of the projected de-
mand through 1980.

Other surveys of communication needs that might be satisfied by
future satellite systems have been conducted and/or analyzed.(IAFIG)
They provided a somewhat more detailed breakdown of estimated circuit
requirements in certain categories and suggest higher demands in a

few areas such as CATV distribution, but the overall total is of the

same order of magnitude.

Rf Links and Potential Demand in the Broadcasting-Satellite Service

The 1links of broadcasting-satellite systems are likely to be much
simpler than those of fixed-satellite systems in all defining charac-

teristics.
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Gecmetry. As with fixed-satellite links in the 12 GHs band,rthe
rf links of a broadcasting-satellite system presumably will pfnnide
coverage only to regions within the country responsible for the system.
In the United States, the first breadcasting-satellite links will prob-
ably provide community reception of educational television and medical
teleconferencing to Alaska and-Haweii and to groups of states in‘the
Rocky Mountain and Appeischian regions. These are the areas where
rugged terrain, sparse population, and/or remcteness from program
origination centers make video transmission by terrestrial facilities
too expensive. In the first experimental U S. systems,( 7s 18)
simultaneous coverage to the different areas will be obtained for
scheduled periods using one or two steerable, narrow (2.5 deg) satel-
lite beams, ZLater systems can be expected to furnish simultaneous
independent coverage with the aid of several separate beams but in
most cases still from a single satellite.

In view of the extensive coverage provided by existing terrestrial

television systems, augmented by cable television networks, It is not

clear that a market will develop in the United States for broadcasting-.'

satellite systems designed for individual or direct-to-the—home recep-
tion, If such systems should be developed, they very likely would be |
designed to provide separete coverage tn each of the ﬁdur U.5. time
zones, and not neeessarily from the same satellite. Honever, as noted
in the discussion of the orbitsl‘resource, it is likely that only one
satellite position will be used for each coverage area so as to elimi-
nate a requirement for steerable antennas at the ground receivers.
Uplinks for feeding program material to both types of broadcast-
ing satellites will probably be desired from at least one earth sta-
tion in each coverage area and quite possibly from several properly
equipped sites af points outside as well as within the coverage areas.
Continuity. ﬁroadcasting—satellite links for community reception
will probably not operate around the clock, and in the ﬁeginning, they
might operate with a given geometry for only a few hours a day or only
on certain scheduled days. Links for individual reception, on the
other hand, might very well operate continuocusly, as do many terres-

trial broadcasting links. But it is not in the nature of broadcast-
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ing links to exhibit the kind of intermittency characterized by demand-
assigned links in the fixed-satellite service.
Rf Signal Characteristics. The signals on the 12 GHz domestic

brecadcasting-satellite links of Region 2 countries will be modulated
by 525-1line National Television System Committee (NTSC) color or mono-
chrome television pictures using frequency modulation to begin with,
and perhaps using PSK modulation in the future when inexpensive digital
decoders become available. In the case of the frequency-modulated sig-
nals, different rf bandwidths may be used to obtain the output signal
quality in different systems. Since neither community nor individual
broadcast reception requires as high output signal-to-noise ratios as
are needed for program distribution in the fixed-satellite service,

the optimum rf bandwidth in broadecasting-satellite systems will be
smaller than in fixed-satellite systems.

Equipment Parameters. As with fixed-satellite links, once a value

has been selected for the product of eirp and receiver figures-of-merit
the broadcasting-satellite system tradeoff of greatest interest to
sharing is between the factors in this product. A dominant consider-
ation in determining the preferred values for these two parameters is
the number of receiving terminals. This number ranges from hundreds
or thousands for community reception to millions for individual recep-
tion and dictates the use of inexpensive receiving stations to prevent
the ground segment cost from completely dominating the total system
cost. Low-cost terminals imply smaller antenna sizes and higher re-
ceiver noise temperatures. Unless truly inexpensive automatic pointing
and tracking systems are developed, it also precludes antennas for in-
dividual reception with beamwidths less than about 1 deg, and hence
excludes effective antenna diameters greater than about 6 ft. For
community reception, system cost optimization studies(19‘21) suggest
a maximum diameter in the range from 7 to 20 ft depending on the number
of receiving terminals.

Using detailed models of both satellites and receiving terminals,
the cost~optimization studies found that the optimum satellite elrp per

beam per channel varied from about 58 dBW for a system with a million
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individual receivers using 7 ft antennas down to 44 dBW for a special
community reception system with only 300 receiving terminals using 20 ft
antennas. Between these extremes, educational TV systems having a

few thousand terminals per beam had optimum eirps in the range -from 48
to 51 dBW using receiving antenna diameters of about 12 ft.

Total Communication Needs. It is difficult to foretell the total

demand for television channels that will materialize in the 12 GHz

(14)

band. Estimates range from 3 to 12 channels for educational appli-
cations and‘up to 17 channels for biomedical network services. Again,
it must be remembered that part of this demand will very likely be met

in a lower frequency band--in this case, the 2500 to 2690 MHz band.

TECHNICAL APPROACH AND SIMPLIFYING ASSUMPTIONS

The straightforward approach used in this study to find preferred

sharing strategies for the 12 GHz band involves these main steps:

1. Postulate baseline systems capable of meeting the range of
communication needs anticipated in each of the two services.

2. 1Identify a number of compatible configurations of the base-
line systems representing examples of different sharing
strategies--~i,e., various combinations of sharing tactics
applied to different patterns of arranging the satellites

in orbit.

3. Compare the sharing strategies identified in step 2 on the
basis of relative orbit-spectrum utilization or utilization

factor and the total communication capacities they permit.

0f these three sfeps, the second is by all odds the most chal-
~lenging. To achieve good orbit-spectrum utilization with any strategy,
it is necessary to .use the same or overlapping radio-fregquency channels
on many different links. This, of course, leads to interlink inter-
ference, and it is a fundamental desigﬁ objective that the effects of
such interference on output message quaiity not exceed specified levels
in any message channel of any system. It 18 in verifying the inter-

ference compatibility of the systems that the problem becomes challenging.
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An extreme example will illustrate the problem. Using the equip-~
ment parameters mentioned in this section,‘a fixed satellite can easily
have a capacity of over 19,000 simplex telephone channels (for example,
it might use 24 interleaved transpenders each carrying 800 channels),
With a reasonable degree of coordination, identical satellites of this
type can be spaced 0.5 deg apart, so that the 75 deg of orbital arc
above 10 deg elevation angle in the contiguous United States could
support a total of 151 x 19,200 = 2.9 x 106 telephone channels. To be
certain that the interference constraint is not vioclated, it would in
principle be necessary to determine the interference in each of these
channels. Considering that a given telephone channel is vulnerable to
interference from all of the transmitters whose rf signals overlap the
signal carrying the given channel (with frequency interleaving, there
would be three overlapping =ignals), it follows that there will be
3 x 150 = 450 interference contributions to this channel from uplink
transmissions and an equal number from downlinks. In principle, then,
it would be necessary to compute, and appropriately add up, some 900
x 2.9 x 106 = 2.6 x 109 interference contributions.

In practice, of course, there are several ways to reduce the
required computations to a more tractable level., One first chooses a
"typical” reference rf channel and then, for each rf link using that
channel, identifies the "worst" or "most-interfered-with'" telephone
channel on the corresponding carrier. With FDM basebands, the worst
channel for both thermal noise and for interference is usually the

highest~frequency channel,(22a23)

It is then necessary to compute
only the interference contributions from the rf links whose carriers
overlap those in the reference rf channel. In the example cited, this
approach divides the number of interference contributions by a factor
of 24 x 800 = 19,200.

For approximate parametric analysis, further reductions may
be achieved by noting that the interference contributions from
links involving satellites widely separated from the one supporting
the given link are small. For a set of homogeneous links (links

with the same signal and equipment parameters using equally spaced

satellites), for example, the bulk of the interference to a
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particular link will come from links employing elther the same satellite
or its two nearest neighbors on each side. In the example under discus-

sion, this would divide the number of interference contributions by an
*2L - 30.
If the system configurations of interest to the 12 GHz sharing

additional factor of

problem really were homogeneous or épproximately so, it would not even
be necessafy to evaluate all of the links that use the reference rf_
channel. In a homogeneous systém, these links differ in their inter-
ference performance primarily as a result of differences in the loca-
tions of the associated éarth statibns relative to the point at which
the satellite antennas are aimed. If is thus possible to identify and
confine the calculations to the link or links that can be expected to
suffer the greatest interference. Indeed, by tqking advantage of the
homogeneity of sighal and equipﬁent parameters and the regularity of
satellite spacing, the interference performance of the worst telephone
channel on the worst rf link can be expressed in the form of an equa-
tion applicable to a wide range of link parameters and satellite spacings.

Such a parametric approach is invaluable in gaining insight into
the impact of various sharing tactics and in the developmgnt of sharing
strategies for the far-from-homogenecus combinations of 12 GHz fixed-
satellite and broadcasting-satellite systems that can be anticipated.
However, to evaluate the interference compatibility of these more rele-
vant configurations of inhomogenous links, involving a variety of
different rf channel widths as well as inhomogeneities in signal and
equipment parameters, numerical evaluation and summation of thousands
of interference contributions appears to be inevitable and the use of
an appropriate computer simulation program is clearly indicated.

That 1s the approach followed in this report. Parametric evalu-
~ ations of homogeneous systems and of the interfaces between two or more
‘such syatems are used as a guide in the design of promising sharing
strateglies for selected referemnce or baseline systems. These strate-—
gles are then tested for interference compatibility using a specially

developed computer model that is described in the Appendix.
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To keep the number of types of links to be congidered in the model
to a reasonable level, it is assumed that all links employ frequency
modulation. It was felt that this assumption was not unduly restric-
tive, because it is likely that first-generation systems in both
satellite services will in fact use frequency modulation and second,
studies of orbit-spectrum utilization with different modulation

(22,24-26) suggest that FM is quite comparable to the most

methods
frequently considered alternative, four-level PSK,

A number of other standard simplifying assumptions, such as the
use of sidelobe envelopes to represent antenna patterns, and a restric-
tion to perfectly geostationary satellites, are described in detail at

appropriate points in the report.
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I1I. NOISE PERFORMANCE AND BASELINE SYSTEMS

The fundamental performance objective to be met in designing the
rf links of a radio communication systém describes the maximum permis-
sible noise in the message channels carried by the links. Taken in
conjunction with data on the propagation characteristics df the link,
the noise objective determines the allowable combinations of signal
and equipment parameters.

In this section, equations describing the relationship of the
various link parameters tolnoise performance for fixed- and broadcast-
ing-satellite links are given first. The applicable message noise
objectives are described next and compared with propagation statistics
for the 12 GHz band. Finally, a number of hypothetical reference or
baseline links appropriate to the fixed- and broadcasting-satellite
services are postulated for subsequent use in evaluating sharing tactics

and strategies for thege services.

NOISE PERFORMANCE EQUATIONS

 As explained in the preceding section, the emphasis in this report
is on analog messages such as telephone and television signals. The
effect of noise on the quality of these signals is normally expressed
in terms of the signal-to-noise ratio at the message channel output.
This ratio may be defined in various ways for each type of message,
but in all cases it can be related to the carrier-to-vrf noise ratios
at the finputs to the satellite transponder and the earth-station

receiver through which the carrier passes.

Multichannel Telephony -

- On most present-day satellite links, telephone channels are first
combined into multichannel basebands using frequency division multi-
plexing and the baseband is then used to frequenéy medulate the car-
rier.

- In the signal-to-noise (5/N) ratio at the output of a given tele-

phqne channel, S is the power of a reference signal representing a

¥
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speaker—-e.g., a sinusoidal test tone--and N is the noise power, after
psophometric weighting to account for the frequency response of the
human ear.

The relationship between $/N and the effective carrier-to-noise
ratio (C/N)” on the rf link is a simple proportionality providing omnly
that (C/N)” exceeds the FM improvement threshold. Thus,

8/N = R(C/N)~

where the proportionality factor R 1s called the receiver transfer
characteristic, and (C/N)” is given by the reciprocal of the sum of
the reciprocal apparent carrier-to-noise ratios at the uplink and

(27)

downlink receiver input.

-1
(C/N)* = [(C/N)ué + (C/N);iwn]

Combining the two equations, the output noise-to-signal ratio is
1
= = +
N/S R [(N/C)up (N/C)downJ (1)

An equivalent and more commonly used measure of telephone signal
quality is the noise power in pWOp (plcowatts at a polnt of zero rela-
tive level, psophometrically weighted). At such a point, the signal
is, by definition, a sinusoidal test tone with a power 1 mW = 109 PW,

so by Eq. (1), the total noise at the channel output

N = Nup + Ny (2)
where
N = 109 (N/C) /R
up up
and ()
N = 10° (N/C) /R
down down
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are, respectively, the uplink and dpwnlink noise contributions te the
channel. ' .

It is apparent that determination of the noise performance cof a
telephone channel on an rf link reduces to computation of the receiver
transfer characteristic (RTC) for the channel and the uplink and down-
link carrier-to-noise ratios. The former depends on the rf sipnal
patameters and the latter on the equipment parameters of the link.

For the noisiest (highest frequeﬁcy) telephone channel on a pre-
emphasized FDM/FM signal, corrupted by white gaussian noise, the RIC

is given by(22’27)

- w_ '
R = RFN = m fm wnwpf(n) : (4)

where the subscripts F and N, respectively, indicate the types of

wanted and unwanted signal, and

m = rms modulation index

W = rf bandwidth

fm = maximum baseband frequency
n " psophometric noise weighting factor (10 log w, T 2.5 dB)
wp = preemphasis improvement factor (10 log wp = 4 dB)
£ 1.71 2%°%, 12 < n< 240
f{n) = — - ' (5)
bg” (n) 42.8, n= 240

n = number of telephone channels in FDM baseband
g(n) = ratio of rms frequency deviation of n channel baseband
| signal to that of single channel test tone

b = highest frequency in telephone signal (b = 3.1 kHz)

In the equation for f{n) it was assumed that for .satellite base-

bands, the hiphest baseband frequency in MHz is approximated by
£ =0.0042n ' (6)

and that the ratio of frequency deviations g(n) is given by the Inter~
national Radio Consultative_Comﬁittee (CCIR) load factor
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-1+ 4 log n, 12 < n< 240
-15 + 10 log n, n = 240

20 log g(n) =

which may also be interpreted as the baseband power in dBm at a point
of zero relative level.
Finally, it will be assumed that the rf bandwidth W is given by

Carson's rule

W = zfm(wﬁ‘m + 1) (7

where
A = baseband peak-to-average power ratio

For FDM basebands, A will be set equal to 10, since the amplitude

distribution of an FDM baseband is approximately gaussian for n = 12.
Combining Eqs. (3) and (4), and expressing the result in dB, the

carrier-to-noise ratio corresponding to a thermal-noise contribution

of NDpWOP in the worst telephone channel of an n channel baseband with

rms modulation index m is given by

A
_ 2
10 log (C/N)_ = 64.2 = 10 log N_ = 10 log m” (Vi m + 1)

14 - 6 log n, 12 € n < 240
Os n> 240

(8)

This equation may be applied to either the uplink or downlink portion
of an rf link.

Plots of Eq. (8) are shown in Fig. 2a for various numbers of
channels and an output noise contribution NO = 4000 pW0Op; this is
purely a reference value. For a different noise objective N1 the
curves would all shift upward by 10 log NO/N1 dB. It is apparent
from the figure that for a given number of telephone channels, the

required C/N decreases significantly as the modulation index m is

increased. It 1is also apparent that there is a maximum modulation
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Fig. 2--Carrier-te-neise and rf bandwidth requiremants for preemphasized
FoM/FM and TV/FM links
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index m o beyond which C/N would drop below threshold. If threshold
is taken as 10 dB, for example, Mo = 2.6 for n= 240 and NO = 4000
pWOp. The corresponding threshold value of carrier power is also the
minimum that will yield this noise performance.

Values of m greater than m i ¢an be used providing C/N is kept
at or above threshold, but the associated carrier power will be greater
than for m = L. and the output noise will be proportionately lower
than 4000 pWOp. In practice, a value of modulation index less than
Mo is normally chosen so that the associated C/N exceeds threshold
by a fading margin that ensures above-threshold operation for all but
a small fraction of the time, despite transient increases in propaga-
tion losses, as well as antenna misalignment, tube decay, etc,

For example, if the required fading margin is 10 dB, reference to
Fig. 2a shows that the maximum modulation index for n = 240 and NO =
4000 pWOp is 1.16. Operation at this modulation index will require
the smallest carrier power for the specified noise objective and fad-
ing margin. As a result, such a choice of modulation index is appro—
priate to the usual case where satellite power is limited. Output
noise will increase above 4000 pWOp during a fade, but, as will be
seen, these increases are usually permitted by the noise-performance
objectives. The main comnsideration is that circuit cutages caused by
below-threshold operation be held either to specified small fractions
of the time or to some specified maximum durations.

Operation at still lower values of modulation index is also pos~
sible, albeit at a greater cost in carrier power, The increase in
power is less than the increase in required carrier-to-noise ratio,
however, because for a given number of channels, the rf bandwidth and
hence the rf noise decreases linearly with m. Indeed, it is the band-
width savings that motivate low index operation despite the higher
cost in power. Such operation is sometimes described as "bandwidth
limited" to distinguish 1t from operation at the maximum modulationm
index (for the required margin) which is called "power limited."

The dependence of rf bandwidth on modulation index for variocus
numbers of telephone channels, n, is given by Eqs. (6) and (7) and is

plotted in Fig. 2b. Using Figs. 2a and 2b together, the cost in power
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and the savings in bandwidth of operating at less than the maximum
modulation index for a specified fading margin may be determined. It
has been noted that if n = 240, the maximum modulation index for a

10 dB fading margin is 1.16. From Fig. 2b, the corresponding value
of W is about 39.2 n kHz. If the modulation index is reduced to 0.5,
the bandwidth is reduced by a factor of 0.59 to 21.7 n kHz, which
reduces the rf noise in this bandwidth by 2.6 dB. At the same time;
Fig. 2a shows that the required C/N has increased from 20 dB to 29.8
dB, so that carrier power must be increased by a net of 7.2 dB. The
noisé performance in the absenﬁe of.fading is still 4000 pWOp, but
the margin above threshold is now 19.8 dB rather than 10 dB.

The’tradeoff between power and bandwidth may be put in another

form, which is both more useful in system planﬁing and which displays
‘the power savings more directly by referring carrier power to‘fhe
nuise in a fixed bandwidth rather than in the rf bandwidth. For this
purpose, the received carrier power C is'EXpressed in terms of the
parameters of the transmitting and receiving equipment and of the
propagation path. If, for the path of interest (uplink or downlink},
E is the eirp of‘the transmitter in the direction of the réceiver, and
G is the gain of the recéiving antenna in the diréction of the trans-
mitter, then from the‘definition of path lossiL, the received carrier

power 1Is
C = EG/L ' (9

Hence, the product of eirp and the receiver figure-of-merit G/T may be

written
EG/T = LC/T = LkWC/N . (10)
where
T = receiving system noise temperature
k = Boltzmann's constant (1.38 x 10'23J/°K)
W = rf bandwidth
N =

kWT = noise power in rf bandwidth
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Expressing this equation in dB and substituting from Egs. (7) and

(8),

10 log (E

H|o

—_— - - - w -
)3 =10 log L - 115.2 - 10 log N_ - 20 log (.oosan. l)

14 + 4 log n, 12 £ n< 240
+ (11)
10 log n, n = 240

where, as before, W is the rf bandwidth in MHz and NO is the noise
power in pHilp to be allowed in the worst telephone channel. Given the
desired value of NO, and the path loss in dB, this equation gives
directly in terms of W and n, the required product of eirp and figure-
of-merit.

Plots of EG/T versus W for FDM/FM basebands ranging from 12 to
1200 channels are given in Fig. 3 using Eq. (11) with N0 = 4000 pWOp
and L = 206 dB, the approximate path loss at 12 GHz including clear
atmospheric attenuation for a typical path. Also plotted i8 a2 line
showing the values of EG/T corresponding to a 10 dB FM threshold.

Figure 3 may be used in a variety of ways to design an rf link,
or to determine the noise performance of a given link. As an example
of the latter, suppose a 36 MHz satellite transponder has an eirp of
40 dBW in the direction of an earth station with a G/T of 34 dB/°K
(e.g., a 32 ft antenna feeding a 300 deg receiver) and is used to
transmit an 800 channel FDM/¥M carrier. The resultant system margin
of this downlink relative to a noise-performance objective of 4000
pWOp and relative to the FM threshold may then be found by locating
the point in Fig. 3 corresponding to W = 36 MHz and EG/T = 74 dB. It
is seen that the margins in question are 3 dB and 11 dB, respectively.

The same curves may be used for uplink calculations, with proper
adjustments to account for the normally lower noise objective (about
6 dB)} and higher path loss (about 1.5 dB). In all cases, however, it
should be remembered that the values of E and of G in the product EG/T
are to be taken in the directions along the path; they are not neces-

sarily the maximum or on-axis values.
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Single-Channel-per-Carrier Telephony

411 of the preceding equations apply to carriers frequency modu-
lated by multichannel telephone basebands. Although it is expected
that such FDM/FM links will continue to be used for heavy and medium
traffic links, there appears to be an increasing need for links whose
carriers are modulated by a single telephone or data chanmnel,

The speech waveform in a telephone channel is by no means a simple
modulating signal. Its structure is characterized by frequent periods
of silence ranging in length from fractions of a second to minutes and
by an extremely wide dynamic range in amplitude, Even discounting the
silent periods, the ratio of peak-to-rms amplitude is quite large, and
the rms amplitude itself can vary widely from talker to talker.

One successful approach to the efficient transmission of speech
first processes and encodes the telephone signal using PCM and then
applies the resultant digital stream to a carrier using 4-phase PSK.(Q_ll)
To display the EG/T product and rf bandwidth required for such trans-
mission on the graph of Fig. 3, it is necessary to estimate the equiv-
alent test-tone-to-neise ratio of the demodulated, decoded, deprocessed
speech signal as a function of the bit error rate Py of the digital
transmission and the number of bits k per PCM sample, and to estimate
the threshold carrier-to-noise ratio for the required value of P

The circle shown at 38 kHz in Fig. 3 corresponds to threshold oper-
ation with a 13 dB carrier-to—noise ratio yielding Po = 10-4 which is
appropriate for the quantizing "test-tone-to-noise ratio" of about 50
dB corresponding to 7-bit PCM. However, it should be noted that pub-

lished equations(22’27’28)

for the dependence of the equivalent test-
tone-to-noise ratioc on the number of bits per PCM sample vary over a
range of 8 dB depending on the speech processing assumed, It is also
not clear that the same welghting factor applies to both quantizing
and thermal noise., In any case, the vertical line proceeding upward
from the circle indicates the values of EG/T that would be used to
maintain an appropriate fading margin.

As an alternative for comparison with single-channel-per-—carrier

PCM/PSK, the EG/T versus W curve for single-channel FM is alsc shown

in Fig. 3. The curve is based on an extrapolation of a study of voice
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communication techniques for aeronautical and marine applications(ze)

conducted at COMSAT Laboratories. For a given margin above their
respective threshoids, single-channel FM appears to offer power sav-
ings which increase with the size of the required fading margin but

at the cost of greater rf bandwidth until a margin of 11 dB is reached.
For a margin higher than this, FM is less costly in both power and
bandwidth. Moreover, the quality of the FM channel increases with

margin whereas the PCM channel does not.

Televislon Channels

The objective measure normally used to express the quality of a
télevision,picture degraded onl? by thermal noise is the ratio of the
peak—-to-peak picture or luminance signal amﬁlitude (the video signal
excluding synchronizing pulses)-to-weighted rms noise, which will be
written as a power ratio, Sp/Nw.' Its dependence on the uplink and

downlink carrier-to-noise ratios is given by an equation similar to

Eq. (1)

[(N/c)up + (N/C)down] Az

o

NW/Sp = (N/C)"/R =

where, assuming the use of frequency modulation, the receiver transfer

characteristic is given by(22,27) -

wo, W/E - (13)

2
R = RTN = 6 n Vi

and , |
‘ | ’

(peak) modulation index

M =
fv = highest modulating frequency in video baseband
W = rf bandwidth

#

.noige weighting factor

preemphasis improvement factor
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In terms of the peak-to-peak frequency deviation (including syn-

chronizing pulses), Afpp’

=
"
(Y

£ .
A pp/fV (14)

Most current rf link designs set W equal to the Carson’s-rule band-

width

e = 0f T 2f =2 £ 04+ 1) (15)

(19)*

but recent experimental measurements indicate that preemphasized

television signals can use rf bandwidths equal to or less than Af

(29)

without exceeding CCIR distortion objectives. To assess the impli-
cations on the powefubandwidth tradeoff of using an rf bandwidth equal
to the peak-to-peak deviation, we will denote Afp as the '"deviation

bandwidth"

W. = Af =2 £fM (16)

Combining Eqs. (15) and (16) with Eq. (13},

2
12 YyYp M© M+ 1), W

RTN = (17)
3
12 WNWP M, W D

1
=

il
=

In the foregoing equations, the values of fv and WNWP for a pre-

emphasized 525-1ine television baseband are

fv = 4,2 Mz, 10 log (WNWP) = 12.8 dB (18)

*

Hodge, William H., Frequency Modulation Televisiom Analysis,
Vol. 1, Threshold Impulse Analyeis, Computer Sciences Corporation, CSC
Report 3007-1, 26 November 1973; and William H. Hodge and Wing H. Wong
Frequency Modulation Television Analysis, Vol. 2, Distortion Analysis '
Computer Sciences Corporatioen, CSC Report 3007-2, 26 November 1973. ’
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Substituting from Eqs. (17) and (18) into Eq. (12), it follows that
the equivalent carrier-to-noise ratio required to yield an output

picture signal-to-noise ratio (Sp/Nw)O is given by

10 1log r42(M +1), W=y
10 log (C/N)o = 10 log (SP/NW)D - 23.6 - ‘ (19)
30 log M, W

I
=

This relationship may be applied to the rf link as a wholé or to the
uplinks and downlinks separately. In the former case (C/N)D is the
primed equivalent carrier-to-noise ratio of Eq. (12) and (SP/NW)0
represents the actual noise performance obtained. 1In the latter case,
(C/N)O represents the apparent carrier—to-noise ratic, (C/N)up or
(C/N)down in Eq. (12), and (SP/NW)0 represents the ratio of picture-
signal-to-weighted uplink or downlink noize contribution, respectively.
The various output signal-to-noise ratios are related to each other in
the same fashion as the corresponding carrier-to-noise ratios;

Nw/sp - (Nw/sp)up + (Nw/sp)down
A plot of Eq. (19) is given in Fig. 2a for a reference downlink noise
ohjective (SPINW)0 = 50 dB. The corresponding bandwidth requiremeﬁts
are shown in Fig. 2b. The relation.between the scales for peak and
rms modulation index is established by the assumption that the peak-
to-average power ratio for an FDM/FM baseband signal is 10 dB. The
4rms modulation scale should only be used 1n connection with such tele-
phony signals; it 1s net to be inferred that the same peak-to-average
ratio applies to a television baseband.

An inspection of the television curves in Fig. 2 leads to several
observations. For a given modulation index or peak-to-peak frequency devia-
tion, use of the deviation bandwidth WD rather than the Carson bandwidth,
results Iin a 1 to 3 dB higher carrier-to-noise ratic. But when using
different modulation indices so as to operate in the same rf bandwidth,

use of the deviation bandwidth requires from 2 to 6 dB less carrier
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power. Conversely, when operated with the same carrier power, use of
the deviation bandwidth results in a bandwidth reduction of from 25 to
55 percent compared with use of the Carson bandwidth, and at the same
time affords an additional margin above threshold of from 1 to 3 dB.

Comparing a 1000-channel FDM/FM carrier with a TV/FM signal having
the same peak modulation index, and hence the same Carson bandwidth
(since the baseband bandwidths are the same), the carrier power required
for a worst-channel noise of 4000 pWOp with the FDM baseband will yield
a 62 dB output signal-to-noise ratio with the TV signal.

Of greater interest, however, are the more direct comparisons
that can be made when the EG/T requirements for television transmis-
sion are plotted. The equation for this purpose, which may be obtained
from Eq. (19) in the same way that Eq. (11) was obtained from Eq. (8),
is

10 log (EG/T)_ = 10 log L - 183 + 10 log (Sp/Nw)o

20 log (W/8.4 - 1), W We

- (20)

20 log (W/8.4), W WD

]

Setting L = 206 dB as before, the results for (Sp/Nw)0 = 44, 50, and
56 dB are shown in Fig. 3.

Comparing the TV curves with each other confirms the previous
conclusion that use of the deviation rather than the Carson bandwidth
saves from 2 to 6 dB in power (depending on the required fading margin)
for the same total rf bandwidcth.

Comparing the TV/FM curves with the FDM/FM curves, it is seen that
when the Carson bandwidth 1s used, the EG/T versus rf bandwidth trade-
off for the downlink signal-to-noise objective of 50 dB is comparable
to that for a 500 channel carrier with 4000 pWop of downlink noise in
the worst channel. For a 62 dB TV signal the tradeoff curve is identi-
cal to that for a 1000 channel carrier.

When the deviation bandwidth is used, however, the equivalent

FDM/FM carrier has a capacity of between 300 and 400 channels
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(depending on fading margin) for a 50 dB downlink TV signal-to-noise

objective, and about 800 channels for a 62 dB downlink objective.

MESSAGE OBJECTIVES °

As just explained, the allowable combinations of EG/T and rf
bandwidth W for an rf link are determined by the message noise objec—
tives and the required fading margin. The noise objectives will be

discussed first.

Telephone Channels

The CCIR objectives for telephone(30_32)

channels in fixed-satel-
lite systems are expressed in terms of the values of hoise power in
pWOp that can be exceeded for various percentages of the time. Limits
are placed only on the total noise from all sources (except multiplex-:
ing equipment) and on the amount of - that ncise that can be caused by
interference from terrestrial systems and from other satellite systems.

More specifically, iimits are placed oﬁ the total and interference
noise powers averaged over l-minute intervals as shown in Fig. 4a. In
addition, the limits of 10,000 and 100 pWOp which the I-minute mean to-=
tal and interference powers cannot ekceed for more than 20 percent of
any menth, are also to be applied to the psophometrically welghted mean
noise power in any hour. Finally, the essentially instantaneous
(integrating time of 5 ms) unweighted total noise power is not to
exceed 1,000,000'pW0 for more than 0.003 percent of the time.

The partition of the total nolse allowance among sources otﬁer
than interference, such as upliﬁk and downlink‘fhérmal neoise, inter-
modulation noise, and various kinds of equipment noise, is left to
the system designer. The CCIR also does not Specify the limits on
nolse for percentages of time other than those given;-the dashed
curves in Fig.'4a represent only one possible interpretation of the
maximum permissible fading. Link design should be based on measured
fading statisties for the link in question and should ensure that the
noise objectives are met for each of the specified percentages of time.

As a basis for the reference systems considered in this report,

the following noise partition will be adopted for unfaded (clear-sky)
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operation when two or more carriers use the same transponder.

Uplink thermal noise ' 1,000 pWop
Downlink thermal noise 4,000
Satellite intermodulation noise 1,500

Earth-station intermodulation and
equipment noise 1,500
Interference from terrestrial
systems ' 1,000
Interference from other satellite
systems 1,000
10,000 pWop

This partition is consistent with the noise budget used in plauning

(13)

the Intelsat IV system, and differs but little from that discussed

in the NASA analysis of the orbit and spectrum compatibility of pro-

(12)

posed 4 GHz domestic systems. It should be noted in this connec-
tion that, so long as the interferenc: noise allowance is fixed, the
particular objectives adopted for thermal noise can be expected to

have only a small and indirect effect on sharing considerations.

Television Channels

The CCIR recommendation for the permissible random noise at the
output of a fixed-satellite link carrying a television channel(33) is
the same as for a 2500 km hypothetical reference circuit in a terres-
trial radio relay system. The provisicnal terrestrial noise objec-

(29,34) for 525-line television systems in the United States and

tives
Canada are shown in Fig. 4b.

As with the telephone noise objectives, the percentages of time
cited apply to the worst month. Moreover, the television objective
varies with percentage of the time in almost exactly the same way as
does the telephone objective; for example, the difference between the
20 percent level and the 0.1 percent level is about 12 dB in both

cases. Thus, 1f the actual fading is less severe than one objective,

it will also be so for the other.
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Strictly speaking, fixed-satellite circuits are not required to
meet the terrestrial 20 percent signal-to-noise objective of 60 dB,
and it would appear that in practice, levels in the order of 53 dB are
(13) in the 4 GHz
band. The 12 GHz baseline fixed-satellite systems considered in this

acceptable for unfaded international satellite circuits

report will be designed to provide an output signal-to-weighted noise
ratio exceeding 55 dB for all but 1 percent of the time,

No official recommendation exists for broadcasting-satellite
signal-to-noise objectives, but it seems reasonable to require 49 dB
for community reception and 43 dB for individual reception, each level

to be exceeded for all but 1 percent of the time.

FADING STATISTICS

The signal fading statistics on the up and down paths of the rf
links determine the fractions of time that the received carrier power
and hence the output channel noise will spend at various levels rela-

. tive to their clear-sky or unfaded values. If these statistics are
less severe than those implied by the message objectives, link designs
can be based on the clear-sky noise budget and the message objectives
will automatically be met so long as the carrier-to-noise ratio remains
above threshold.

At 12 and 14 GHz, the principal cause of fading is attenuation by
rainfall. Although a considerable amount of data has been collected
using both radiometric techniques and direct measurements on satellite-
earth paths, there remains considerable uncertainty about fhe fading
allowance to be applied on a particular path, especially for small
percentages of the time. Probably the most authoritative and relevant
statistics are those assembled by Ippolito(35) for 15.3 GHz paths, and
summarized in Fig. 5 for five U.S. receiving sites. These fading dis-
tributions have been extrapolated to 12 GHz using data developed in a
recent Rand report(36)

Fig. 6.

and the results plotted with solid lines in

(37)

A rather different result, presumably extrapolated from data
on paths in the eastern United States similar to those shown in Fig. 5,

1s given by the dashed curve labeled '"no diversity" in Fig. 6. This
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curve shows much less severe fading above the 0.1 percent level and -
much more severe fading below the 0.0l percent level than‘the solid
curves for any of the locations. A second dashed curve from the same
source predicts the net fading statistics for diversity reception at
two earth stations separated by about 10 km.

Before any of these data can be compared with the message objec-
tives, account must be taken of the fact that the ordinates in Figs. 5
and 6 are percentages of a year, whereas the message objectives refer.
to percentages of (the worst) month. The two percentage scales can be
reconciled by noting that the fades that occur for very small percen-
tages of the year (less than 0.001 percent or about 5 minutes a yvear)
are probably the result of only a single severe thunderstorm. Hence
the monthly percentages associated with these fading levels are simply
12 times the yearly percentage. The fades assocjated with higher
annual percentages (e.g., 0.01 percent of a year or about 1 hour) are
due to more commonly occurring storms and it is reasonable to expect
that these are distributed among at least 2 or 3 months. In this case,
the annual percentage need he mulﬁiplied by factors of only 6 or 4 to
obtain an estimate of the monthly percentage. Similarly, the fading
level for 0.1 percent of the year (about 9 hours total) probably cor-
responds to no more than 0.2 or 0.3 percent of the worst month.

Applying the foregoing assumptions to the fading data for the
worst location (Miami), the curve shown by the solid line in Fig. 7
is obtained. Note that in this figure the ordinate refers to percen-
tages of the worst month. In order to compare the actual‘fading with
that allowed by the message objectives, the dashed curves of Fig. 4
" are repeated in Fig. 7 with fading measured relative to the level
exceeded 20 percent of the time; It is apparent that, even for Miami,
the actual 12 GHz fading is less severe than that permitted by the
noise objectives. Thus one can safely design rf links to meet the
noise objective for some comparatively high percentage of the time
(20 percent, for example) and be confident that, so long as the car-
rier remains above thresheld, the objectives for smaller percentages
will be met. It remains enly to choose the percentage of time that

the link is to remain above threshold.
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For the baseline systems, it will be assumed that above-threshold
operation 1s required for at least 99.99 percent of the year in the
case of fixed-satellite systems, and 99.9 percent of the year for
broadcasting-satellite systems in the domestic regions of heaviest
rainfall. Referring to Fig. 6, the corresponding threshold margins
for the southeastern part of the United States are 10 and 7 dB, res-
pectively, withoutldiversity reception and 2 and 1 dB with diversity.
Links having these nondiversity margins yill, of course, provide con—
siderably better service in less-rainy parts of the country. With a
10 dB margin, a fixed-satellite circuit to New Jersey or North Carolina,
for example, could expect to remain above threshold tof'all but a min-;

ute or two a vyear.

BASELINE SYSTEMS

As previously noted, a set of hypbthetical reference or baseline
line systems is needed for comparative analyses of different strategies -
for sharing the orbit and spectrum. In order that the results of tﬁe '
strategy comparisons be applicable to future operational systems, the
parameters of the baseline systems should not differ greatly‘f;om
those of systems currently being planned. Examplés of a 12 GHz fi;ed—[

satellite system proposed by MCI Lockheed in 1971,(8) and the 12 GHz

broadcasting portion of the Communications Technology Satellite (CTS),(lS)
are shown in Table 4, | ‘ .
At the same time, it is important that the baseline system desighs

be based on.a clearly stated and internally consistent set of perform-
ance specifications and a common design approach. The performance_l
specifications adopted for the rf links of the baseband systems were
described earlier in this section and are summarized in Table 5 for

the four message channels of principal interest: telephone channels

in fixed-satellite systems, TV channelé in fixed-satellite systems,
broadcast TV channels for individual reception, and broadcast TV chan-
nels for community reception. Separate carriers will normally be used
for each TV channel and its associated audio channel or channels,
whereas, with one exception, the carriers used for telephone transmis-
sion will usually be modulated by FDM basebands consisting of from 12

to 1800 channels. The exception is single (telephone or data) channel~
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Table 4

PARAMETERS OF PROPNSED SYSTEMS

CTS
MCIL Broadcasting
Parameter Unit Fixed Satellite Satellite
Signal
Uplink frequency band GHz 11.7-12.2
Pownlink frequency band GHz 14.0-14.5
Channels per transponder - 600 tel 17TV
Multiplexing - FDM -
Modulation - M FM
Transponder bandwidth MHz 36 108
Signal rf bandwidth MHz 36 25
Neoise objectives CCIR CCIR
Uplink Transmitter
Power to antenna dBW 30.8 30.0
Antenna diameter ft 32 14
Beamwidth at 14 GH=z deg .14 0.28
On-axis gain dB 60.5 54.4
On-axis eirp JdBUW 91.4 84.4
Uplink Receiver
Antenna diameters fc 0.83x1.67 2
Beamwidths at 14 GHz deg 3.5%7 2.5
Antenna gain dB 30.5 36.2
System temperature °K 1200 2315
Figure-of-merit dB/°K - 0.7 2.5
Downlink Transmitter
Net power to antenna dBW 10.5 20.5
Antenna diameter ft 2.5 2
Number of beams 2 1
Beamwidths at 14 GHz deg 2.5 each 2
. . 30.0 (west)
0 - & .
n-axis gain dB {34'7 (east) 36.3
. , 40.5 (west)
On~axis eirp dBW {45.2 (east) 58.8
Downlink Receiver
Antenna diameter ft 32 16
Beamwidth at 11.7 GHz deg 0,17 0.34
Antenna gain dB 59.3 53.1
System temperature K 136 1000
Figure-of-merit dB/°K 38.0 23.1




BASELINE PERFORMANCE SPECIFICATIONS

-53~

Table 5

Type of Message Channel and System

TV TV
Broadcasting| Broadcasting
Telephone TV Satellite Satellite
Fixed Fixed Community Individual
Quantity Satellite| Satellite | Recepticn Reception
Overall thermal-noise objective | 5000 pWOp 55 dB 49 dB 43 dB
Uplink thermal-noise objective 1000 62 56 50
Downlink thermal-noise objective| 4000 56 50 44
Probability of above-threshold
operation (% of year) . 99,99 99,99 99.9 99.9
Required system margin above
threshold for nondiversity
operation in southeast U.5.
(dB) 10 10 7 7

per—carrier transmission using PCM encoding and PSK modulation as de-

scribed in detail earlier in this section.

The design approach used to select the parameters of baseline

satellites and earth stations capable of supporting rf liﬁks which

meet the performance specifications of Table 5 conmsists of four steps.

First, the product, EG/T, of satellite eirp-per-carrier and earth-

station figure-of-merit required by the downlink noise objectives and

the threshold margin is determined for each television and multichan--

nel telephone carrier of interest under conditions of minimum-power or

power-limited operation using the EG/T-bandwidth tradeoffs of Fig. 3.

These are the minimum values of per-carrier EG/T that must be provided

on the corresponding downlinks.

They are also "beam edge" require-

ments, since they apply to all downlinks, and in particular to those

where the earth station lies at the edge of the coverage pattern of

the satellite antenna.

Thus the value of per-carrier EG/T required

along the axls of the satellite antenna will be at least 3 dB higher

than the values obtained from Fig. 3.

The combinations of on-axis

power-limited per-carrier EG/T and rf bandwidth are shown in Table 6

for several TV/FM and FDM/FM carriers of interest.

Note that if'car—

rier bandwidth is limited to 36 MHz as in the 4 and 6 GHz transponders
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Table 6

ON-AXIS, POWER-LIMITED, PER-CARRIER DOWNLINK EG/T AND
RF BANDWIDTH REQUIREMENTS FOR CARRIERS OF VARIOUS SIZES

On-Axis
per—-Carrier RF Modulation
Type of Message Carrier Size EG/T Bandwidth Index
Channel and System | (No. of Channels) {(dBW/°K) (MHz) (peak) (rms)
12 59.5 WC = 0.8 6,94 2,19
24 62.0 1.4] 5.94 1.88
48 64,3 2.5 5.20 1.64
96 66.7 4.4 | 4.46 1.41
192 6%9.3 7.8 3.84 1,21
Telephone 300 71.1 11.9 3.72 1.18
Fixed Satellite 600 74,2 23.8 3,73 1.18
9090 75.9 35.7 3.73 1.18
1200 77.4 47 .6 3.72 1,18
1500 78.2 59.6 3.73 1.18
1800 78.9 71.5 3.73 1.18
TV
Fixed Satellite 1 74.7 W, = 27.5 2.27
1 73.7 wg = 21.8 | 2.60
TV
Broadcasting
S5atellite 1 71,1 WC = 23,1 1.74
Community 1 69.8 WD = 17,1 2.04
Reception
TV
Broadcasting
Satellite 1 69.8 WC = 17.2 1.05
Individual 1 67.8 WD = 10.8 1.29 -
Reception

of current Intelsat and domestic satellite systems, operation becomes
bandwidth limited for carriers with more than 900 channels.

Having determined per-carrier values of EG/T required on the
downlinks, the next step is to decide upon the per-transponder value
of EG/T which the baseline combination of satellite transponder and
earth station should actually deliver. In specifying this product,
the value of E is normally taken as the maximum or saturated elrp of
the transponder along the satellite antenna axis. The required value
depends on the number and nature of the carriers which the transponder

must support.
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When the traﬁsponder in question is to carfy only a single car-
rier (which usually cccupies the entire transponder bandwidth), the
full saturated eirp can be used for transmission, and the per-trans-
ponder EG/T product can be set equal to the on-axis product required
. by the carrier. It should be noted in this connection however that
it is not necessary to use the minimum or power-limited values of per-
carrier EG/Ts tabulated in Table 6. Higher values of EG/T, correspond-
‘ ing to bandwidth-limited operation, may be preferred in the case of
heavy trunks. The decision depends on the number of message channels
to be carried relative to the transponder bandwidth and on the avail-

. able transponder eirp. The value of EG/T required for any specific
combination of rf bandwidth and number of telephone channels may be
read from Fig. 3. _ _

In fixed-satellite systems, a single satellite transponder is often
used to relay two or more carriers, and the maximum power of the trans-
ponder camnot be used. Instead, the ocutput power of its high-power
amplifier (HPA) must be 'backed off'" about 6 dB from the maximum single
carrier value so that intermodulation noise in the message channels
will remain within specified limits. For the same reéson, "guard
bands" are nbrmally allowed between the carriers with the result that
the total rf bandwidth occupied by the carriers is from 10 to 20 per;
‘cent less than the nominal rf‘bandwidth of the transponder.

To take this factor into account, and to ensure reasonably effec-
tive use of the spectrum by transponders carrying multiple carriers,‘
the baseline systems will be designed on the principle that the trans-
pohder must be powerful enough to support multiple FDM/FM carriers
occupying a total of about 85 percent of its effective bandwidth whén
‘ using the largest earth st;tions in the system, In applying this prin-
ciple, the power—limited‘per—carrier EG/T requirements of Table 6 will
be used.

An example featuring 9 carriers, carrying from 24 to 192 simplex
(one-way) telephone channels and occupying about 31 MHz of the assumed .

36 MHz transponder bandwidth, is given in Table 7a. It suggests that
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Table 7

EXAMPLES OF EG/T REQUIREMENT FOR MULTICARRIER OPERATION
OF 36 MHz FIXED-SATELLITE SYSTEM TRANSPONDERS

Number Bandwidth Total EG/T Total
of Carrier Total per Carrier? { Bandwidth per Carrier® EG/T
Carriers | Size Channels {MHz) {MHzZ) {dBW/°K) (dBW/°K)
a.” Nine FDM/FM Carriers
4 24 g6 1.4 5.6 62.0 68.0
2 48 36 2.5 5.0 64.3 67.3
1 96 96 4.4 4.4 66.7 66.7
2 192 184 7.8 15.6 63.3 72.3
Totals 9 £72 30.6 ‘ 75.2
‘ (On—axis saturated EG/T of transponder = 75.2 + 6 = 81.2 dBW/°K)
b. Three FDM/FM Carriers
1 192 192 7.8 7.8 69.3 69.3
_ 2 300 - 600 11.9 23.8 71.1 74,1
Totals 3 - 792 31.6 75.3

(On-axis saturated EG/T of transponder = 75.3 + 6 = 81.3 dWB/°K)

aFrom Table 6.

* the product of the saturated on-axis eirp of the satellite transponder
and the figure-of-merit bf‘the earth station should be not less than
 about 81 dBW/°K. The combined capacity of the 9 carriers is 672 tele-
- phone channels. Another example featuring 3 carriers is shown in
Table 7b and leads to a similar result of 81.3 dBW/°K for a combined
‘capacity of 792 channels occupying 31.6 MHz of transponder bandwidth.
"It is concluded that a 12 GHz transponder with a 36 MHz rf bandwidth
‘should be paired with an earth station such that the nominal saturated
:-:on#axis per-transponder EG/T product is 81 dBW/°K. If transponders of
k“greater bandwidth are used, the EG/T product should be increésed ac-
cordingly if the same fraction of the bandwidth is to be used for
’ multiple carriers having the prescribed noise objectives. For example,
a 108 MHz transponder would require an EG/T of 86 dBW/°K.
_ If all of the transponders on a fixed-satellite are identical,
those used for only a single carrier will have a capacity greater than

those used for several smaller carriers because of the power backoff
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required by multicarrier operation. For the transponder-earth-station

combination with an EG/T product of 81 dBW/°K derived in Table 7, Fig.

3 shows that a capacity of about 1500 telephone channels could be sup-—

ported with a worst-channel noise of 4000 pWOp. Operating into earth

. stations with a given figure-of-merit, the single-carrier capacity is
thus about double that for muitiple—carrier operation. The system
margin above threshold (but not above the noise objective) is also
higher Ey about 8 dB. . .‘ ‘

The third step in the baseline system design approach ‘is to decide
how to sﬁlit the on-axis, saturated, downlink, per-transponder EG/T
product between satellité eirp and earth-station figure-of-merit.
Logically, this decision should be oﬁe which, within certain opera-
tional constraints on earth-station antenna size, minimizes total
system cost. Using the discussion of Sec. II and the examples of
Table 4 as guides to this division, the three satellites and four
ground receiving stations described in Table 8 appear to be reasonable
representatives for use in baseline systems supporting the two types

' of broadcasting-satellite reception and in fixed-satellite systéms
capable of providing downlinks of various capacities.

The indicated division of satellite eirp between transponder out-
put power and satellite antenna gain is based on the use of single-
feed circular or elliptical parabolic antennas having the indicated
beamwidths., In the fixed-satellite service the beamwidths for both
uplinks and downlinks are based on the condifion that the antenna
footprint covers the contiguous 48 states. The satellite antemna beam-
widths for the uplinks to broadcasting satellites are based on the
same condition, so that programming may be transmitted to such satel-
lites from any location in the country. In the case of broadcasting
downlinks, a 2.3 deg circular beam is assumed for community reception
within a multistate region, and a 1,7 deg x 3.3 deg elliptical beam
for individual reception witHin‘a time zone.

The output power indicated for the baseline fixed-satellite trana-
ponder is about 6 dB higher than that shown for the proposed MCI Lock-
heed system in Table 4. However, the baseline transponder power could
be reduced several dB without compromising message noise objectives by

following the propesal of the MCI Lockheed Satellite Corporation and
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Table 8

BASELINE SYSTEM PARAMETERS

Fixed-S 111t '
xe ate ° Broadcasting-Satellite
Terminal Community Individual
Parameter Unit Large Small Reception Reception
a. Downlink
Satellite Transponder
End-of-life net power
to antenna dBW 16 16 22
Antenna diameter ft 0.86x1.72 2.33 1.65x3.3
Antenna beamwidth deg 3.5x7 2.3 - 1,7x3.3
Antenna gain dB 30 36 36
On-axis saturated eirp dBwW 46 52 538
Rf bandwidth MHz 16 25 18
Earth~Station Receiver
Antenna diameter ft 32 16 12 3
Antenna beamwidth deg 0.17 0.34 0.45 1.8
Antenna gain dB 59 53 51 39
System temperature K 250 - 250 500 500
On-axis figure-of-
merit dWB/°K 35 29 24 12
Dovmlink per tramnsponder
EG/T dBW/°K 81 75 76 70
b. Uplink
Farth-Station Transmitter
Net power to antenna dBW 302 302 302
Antenna diameter ft 32 16 16
Antenna beamwidth deg 0.16 0.32 0.32
Antenna gain dB 60.5 54,5 54.5
On-axis eirp dBW | 90.52 84,52 84.5
Satellite Transponder
Antenna diameter ft 1.44x0,72 1.44%0.72
Antenna beamwidth deg 3.5x7 3.5%7
Antenna gain dB 30 30
System temperature °K 1200 1200
On-axis figure—of-
merit dBW/°X -1 -1
Maximum uplink EG/T dBW/°K | 89.5%  83.5% 83.5

aExample only.

adjusted to match size of carrier.

In practice, earth~station power output and eirp are
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using a dual-feed satellite antenna that directs higher gain towards
the eastern and southeastern,part_of the country where the required
system margins are higher,(g)

The output power indicated for the broadcasting-satellite trans—.
ponder also depends in a similar way on the nature of the satellite
antenna pattern and on the system margin required in the service area
of the satellite. 1If the service area is smaller than a time zone,
or has less rainfall than‘the southeastern United States, correspond-
ingly lower powered transponders may be used.

Comparing the per-transponder EG/T and bandwidth requirements
from Tables 6 and 7 with the baseline equipment parameters shown in
Table 9, it is concluded that the nominal maximum capacities of the
baseline fixed-satellite transponder for single carrier and multi-
carrier operation with the large (32 ft) baseline earth station are
1500 and 700 telephone channels, respectively. The corresponding
capacities with the smaller (16 ft) earth station are 600 and about
200 channels, respectively. The bandwidths of the broadcasting-
satellite transponder were chosen to permit minimum-power transmission
of one television channel in its Carson's-rule bandwidth and alse to
bear a simple relationship to the fixed-satellite transponder band-
width to facilitate interservice frequency planning.

The last step in defining the équipment parameters of the base-
line systems Is to choose the earth;station and satellite parameters
for the uplinks.  Since the carrier bandwidthé are the same as on the
downlinks, it is only necessary to ensure that the uplinks can provide
the required values of per-carrier EG/T. TFor any given carrier, the ‘
on-axis uplink‘EG/T requirement will be about 7.5 dB higher than the .
corresponding downlink value shown in Table 6 to allow. for the 6 dB
.lower‘noise objective and 1.5 dB higher path loss. The uplink param-
eters shown in Table 8b are aﬁpropriate to the maximum single-carrier
capacity of.the assoclated transponder, Earth stations transmitting
- smaller carriers would use proportionally lower eirps.

It will bé nbted that the uplinks for both types of satellite—'
broadcasting feception are ldentical to theose for the 16 ft fixed-
satellite uplink. Although this represents overdesign for the indi-

vidual reception systems, it enhances the homogeneity of the uplinks
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(which, in any case, are all in the fixed-satellite service) and, as
will be seen, reduces intersystem interference.

To complete the description of the baseline systems, it is neces-
sary to indicate the deployment of satellites and earth stations. The
determination of preferred satellite deployments is of course the key
problem in the analysis of sharing tactics and strategies and will be
addressed at length in Secs. V and VI. The locations assumed for the
earth stations to be served by fixed-satellite systems and the service
areas to be covered by the baseline broadcasting-satellite systems are
shown in Tables 9 and 10, respectively. Uplink transmitter locations
and the points on the ground at which the satellite transmitting anten-
nas are aimed are also indicated in these tables. It will be noted
that the broadcasting-receiver sites in Table 10 lie on the service
area boundaries, since both noise and interference levels will be

highest here.

Table 9

FIXED-SATELLITE AIM POINT AND EARTH-STATION LOCATIONS

North West
Latitude Longitude
Station Code {deg) (deg)
Satellite aim point AF 39 98
Atlanta, Ga. ATL 33.7 84.4
Boston, Mass. BOS 42.3 71.1
Chicago, Ill. CHI 41,9 37.6
Cincinnati, Ohio CIN 39.1 B4.5
Dallas, Texas. DAL 32.8 96.8
Denver, Colo, DEN 39.8 105.0
Detroit, Mich. DET 42.3 83.1
Washington, D.C. DC 38.9 77.0
Kansas City, Mo. KC 39.0 94.7
Los Angeles, Calif. LA 34.1 118.3
Miami, Fla. MIA 25.8 80.2
New Orleans, La. NQ 29.9 90.1
New York, N.Y. NY 40.8 73.9
San Francisco, Calif. SF 37.8 122.4
Seattle, Wash, SEA 47 .6 122.3
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Table 10

BROADCASTING-SATELLITE AIM POINTS AND RECEIVING SITES

North West
‘ _ Latitude Longitude
Station 4 Code (deg) (deg)
1. Eastern Time Zone
Uplink transmitter NY 40.8 73.9
Satellite aim point ABI 37 79
Northeast corner INE 47 68
South central 15 25.8 80.2
Northwest corner INW 47 .5 86.5
West central IW 37 86.5
Southwest corner ISW 31 86.5
2. Central Time Zone
Uplink transmitter CHI 41.9° 87.6
Satellite aim point AR2 37 : 94
- Northeast corner 2NE 47.5 86.5
East central 2E 37 86.5
Scutheast corner 28E 31 86.5
Northwest corner 2NW 49 101
West central 2w 38 101
Southwest corner 254 30 101
3. Mountain Time Zone
Uplink transmitter DEN 39.8 105
. Satellite aim point AB3 39 . 108
Northeast corner 3NE 49 - 101
East central . 3E 38 101
Southeast corner 3SE 30 101
Northwest corner 3NW 49 113.5
West central 3w 39 113.5
Southwest corner - 38w 32 113.5
4. Pacific Time Zone
Uplink transmitter LA 34,1 118.3
Satellite aim point AB4 39 119
Northeast corner 4NE T 49 113.5
East central - 4E 39 113.5
Southeast  corner 48E | 32 113.5
Northwest corner 4NW 47.5 122.3
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Finally, a referehce set of fixed-satellite links between pairs
of the earth stations shown in Table 9 is listed in Table 11. These
are the links that will be used routinely in computer simulation of
sharing strategies to determine interference levels at the outputs of

the fixed-satellite circuits.

Table 11

BASELINE FIXED-SATELLITE LINKS®

Link From To Linlk From To Link From To
1 NY LA 26 LA DEN 51 SF CHI
2 NY CHI 27 LA SEA 52 KC NY
3 NY ATL 28 LA MIA 53 KC LA
4 NY DEL 29 LA SF 54 KC CHI
5 LA NY 30 LA KC 55 NO NY
b LA CHI 31 LA NO 56 NO LA
7 LA ATL 32 LA DC 57 NO CHI
8 LA DAL 33 CHI DEN 58 De NY
9 CHI NY 34 CHI SEA 59 ne LA

10 CHI ATT, 15 CHI MIA 60 DC CHI
11 CHI DAL 36 CHI SF 61 NY ROS
12 CHI LA 37 CHI KC 62 NY CIN
13 DAL NY 38 CHI NO A3 NY DET
14 DAL CHI 39 CHI DC 64 LA BOS
15 DAL LA 40 DEN NY 65 LA CIN
16 ATL NY 41 DEN LA 66 LA DET
17 ATL CHI 42 DEN CHI 67 CHI BOS
18 ATL LA 43 SEA NY 68 CHI CIN
19 NY DEN A SEA LA 60 CHI DET
20 NY SEA 45 SEA CHI 70 BOS NY

21 NY MIA 46 MIA NY 71 BOS 1A

22 NY SF 47 MIA LA 72 BOS CHI
23 NY KC 48 MIA CHI 73 CIN NY

24 NY NO 49 SF NY 74 CIN LA

25 NY 318 50 SF LA 75 CIN CHI

®For city code, see Table 9
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IV. INTERFERENCE PERFORMANCE

When two or more radio communication systems share a band of fre-
quencies, the quality of service they provide is determined not only
by the levels of thermal noise and ihtermodulation as discussed in
the preceding section, but also by the amount of intra- and intersystem
interference. The”key problem in devising satisfactory strategies fér
sharing the orbit-spectrum resource is to find system deployments that
keep such interference to acceptably low levels. In this section, the
general equations and antenna pattefﬁ models needed to compute inter-
ference levels for specified configurations of fixed- and broadcasting-
satellite systems are given. The treatment is rather detailed because
it is intended to serve as the basis for a comprehensive computer pro-

gram for interference predictionm.

DEPENDENCE OF OUTPUT MESSAGE QUALITY ON RF INTERFERENCE

"The ultimate effect of the interfering or unwanted rf signals that
enter a link at the 1npﬁts‘to the satellite transponder and the earth-.
station recelver is to degrade the quality of the messages carried by:
the link. Just as when the unwanted signal is thermal noise, the
method of specifying this impairment of quality depends on the nature
of the messages, but in all cases, the measure of message quality can .
be related to the‘ratios of wanted-to-unwanted signal power measured

at the uplink and downlink receiver inputs.

Telephone Channels

For a telephone channel, the effect of rf interference on mes-
sage quality may be specified in terms of the signal-to-interference
ratio‘S/I at the channel output. In this ratio, S is the power of a
signal representing a speaker and I is the interference nolse power,
after psophometric weighting to account for the frequency response of
the human ear.

Wheﬁ analog methods of multiplexing and modulation such as FDM/
FM are used, and there is only a single interfering signal, the rela-

tion between S/I and C/X 18 a simple proportionality
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S/1 = RC/X

providing that C/X is greater than the modulation threshold. As in the
case of thermal noise, the proportionality comnstant R ds called the
receiver transfer characteristic (RTC). ITts numerical value depends on
the position of the telephone channel in the wanted signal baseband,
the spectral characteristicg of the wanted and unwanted signals as
determined by the number of channels carried by each and the modulation
index or rf bandwidth used, and on the frequency separation or offset
between the wanted and unwanted carriers. The value of the RTC also
depends on the type of reference signal used to represent speech power
in the telephone channel--e.g., a sinusoidal test tone, or the amcunt
of noise that appears in the channel when the FDM baseband is repre-
sented by white noise.

Values of RTC have been calculated or measured only for cases of
a single unwanted signal. However, when there are many small unwanted
signals, each may be treated independently using the value of R appro-
priate to that signal, and the resultant interference-to-signal ratio
at the output of a selected telephone channel obtained by summing the
interference-to-signal ratios that would be produced by each unwanted

(27)

signal acting alone, Thus, the interference~to-signal ratio for a

telephone channel carried by the ith link is given by

N N
’ X / X

1y _ 1 (Fa) 1 ( 13)

(S)i E R4 (Ci )up ?_‘:_1 *15 \%1 /aowm 21

where N 1s the total number of interfering links and the primes on
the summations indicate that the term for j = 1 is omitted,

In this expression, the first summation accounts for Interference
entering at the input to the uplink (satellite) recelver and the second
for interference entering the downlink (earth station) receiver,

Where double subscripts are used, the first identifies the wanted link

and the second the unwanted link, Thus (X, /C is the reéiprocal

13 1)up
wanted-to-unwanted signal ratio at the input to the uplink receiver
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on link i resulting from interference from the uplink transmitter on
link j, and Rij is the corresponding RTC for the telephone channel in
question, The same value of Rij is shown for the uplink and downlink
because it is assumed that no signal processing takes place in the
satellites. As a practical matter, Rij>will be sensibly infinite, and
the corresponding interference term negligible, when the spectra of
the wanted and unwanted signals do not overlap.

An alternative, and more commohly used, measure of the effect of
radio-frequency interference at the output of a telephone channel is
the interference noise power I in ﬁWOp. At such a point the signal
power of a sinusoidal test tone is, by definition, lmW = 109 pW, so
it follows from Eq. (21} that

I N, | |
D) (Iij)up+ 2. (Iij)dom | (22)
Jj=1 : j=1
where
9 /X,,
(11‘> - ;.0 ((‘-1)
1/vp ij \"i /up
and

9 X':
(Ii')dow = ;0 (Ci )
] n 13 i /down

are, respectively, the uplink and downlink interference contrihutions
from link j into link {.

Thus, for a link carrying an FDM/FM signal, the problem of inter~
ference prediction reduces to the compﬁtation of the recelver transfer
characteristic and the unwanted~-to-wanted signal ratio fér each infer—-

fering uplink and each interfering downlink, The former shows the
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dependence of output interference on the parameters of the wanted and
unwanted signals, the latter the dependence on equipment and propaga-
tion parameters. The equations needed for these computations will be

given in following subsections,

Television Channels

When the 1ink carries a television channel, the effect of rf
interference on the Quality of the television picture is not easilv
described in terms of a slgnal-to-interference ratio at the channel
output unless the interference can be represented as gaussian noise.
Even in the case of nolse~like Interference, the correspondence he-
tween the output signal-to-interference ratio and subjective evalua~
tions of picture quality must be established by experimental measure—
ments with groups of television viewers, Indeed, it 1s common prac-
tice to express the results of such measurements bv relating prades
of picture quality(37’38) (for example, excellent, good, fair, poor)
directly to the wanted-to-unwanted signal ratio C/X at the receiver
input, In particular, the value of C/X corresponding to a specified
picture grade and a specific kind of unwanted signal 1s called the
interference protection ratio, or simply protection ratio, for that
pictﬁre quality and type of Interference,

For a link carrying a television channel, it 1s thus sufficient
to calculate the effective wanted-to—unwanted silgnal ratlo at the input
to the downlink recelver and to compare 1t with the protection ratio
data to infer the resultant picture quality on the link., As in the
case of the RTC, however, numerical values of protection ratio are
available only for cases of a single unwanted signal. When there are
several unwanted signals, it 1s necessary to take Into account the
fact that they are likely to differ in the amount of picture degrada-
tion they cause, not only because of differences in signal strength
but alsoc because of intrinsic differences in their ability to affect
the wanted signal, as reflected by the protection ratio measurements.
Therefore, the effective unwanted~to-wanted signal ratio for the tele-

vision channel carried by the ith link will be written
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(%) - ZN:_l_(_ﬁi) . %L(L) 23
¢ i 3=1 Qij Ci up 7j=1 Qij Ci down

where the notation conventions are the same as in Eq. (21), and Qij
is an interference sensitivity factor that indicates the interfering
effect of the jth interfering signal relative to that of a reference
interference signal identical to the wanted signal on link i.

Adopting the protection ratio for barely perceptible interference

as a measure of interference sensitivity, will be taken as the

Uy |
ratio of the protection ratio for the wanted signal against inter-
ference from a reference interfering signal to that for interference:
from the actual unwanted signal.

- With the aid of Eq. (23) the problem of interference prediction
for a link carrving a television signal reduces to the computation of
the sensitivity factor and the unwanted-to-wanted signal ratioc for
each interfering uplink and each interfering downlink, The necessary

data will be given in the balance of this section,

RECEIVER TRANSFER CHARACTERISTICS, PROTECTION RATIOS, AND SENSITIVITY
FACTORS '

As exblained in connection with Eqs. (21) and (23), the effect on
. message quality of all the unwanted rf signals to which the uplink and
downlink receivers on a satellite link are exposed can be calculated
as the sum of the effects of each signal acting individually, Each
individual effect in turn is just the product of the relative strength
of thelunwanted signal, and its relative potential for Interfering
with the wanted signal, ' The former factor is given by the reciprocal
carrier-to-interference ratio Kijfci and the 1§tter factor by the
reciprocal of either the receiver transfer characteristic Rij {for
telephone channels), or the sensitivity factor-Qij (for television
channels), ‘ ..
In this subsection, equations for Rij will first be given for
interference to an FDM/FM from either another FDM/FM signal or from

a television FM signal (TV/FM). Then, empirical equations for Qij
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will be given for interference to a TV/FM signal from either another

TV/FM signal or from an FDM/FM signal.

Receiver Transfer Characteristics for Interference to an FDM/FM Signal

When the signal on the wanted (ith) 1link is frequency modulated
by a number of telephone channels in frequency division multiplex, and
the unwanted {jth) signal is another FDM/FM signal, the RTC is depen-
dent principally on the modulation indices and the carrier frequency
separation of the two signals., In particular, if the modulation on
both signals is wideband (rms modulation index greater than unity),
the carrier compenents will he neglipgibly small, the power spectra
will have a gaussian shape, and it can be shown theoretically(zz’Bg)
that the RTC for the highest frequency telephone channel in the FDM

baseband is given by

2 ,
V8 m, T anpf(ni)

R,, = R..(m,,m_,f. )} = {(24)
L PP -4 Y 2mP) T + expl=(1-v) 2/ (2m2))
where
f 1.7in.05, 12 < n, < 240
f(n,) = — = = 1 (25)
i b 2(n )
& \ng 42.8, ng > 240
m o= (W /Qf ) - 11/, (26)

= rms modulation index on link k (k = 1,1}
Ak = baseband peak-to—average power ratic on link k
W, = Carson's-rule bandwidth of signal on link k
fmk = (.0042 n,

= maximum baseband frequency on link k (MHz)

no= number of telephone channels carried by 1link k
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2 2.3
= ) 2
m = (ml + (fmjmj/fmi) 1 (27)
= composite rms modulation index
v = fd/fmi = normalized carrier frequency ocffsget
= - f
fd fj fi carrier frequency offset

and the quantities Wﬁ, WP, g(n), and b were defined in connection with

Eq. (4) of Sec., III, For identical (n, ¥ n,, m, = m_J, co-channel
] i ] 1(3())
R

3
Rij = (1 + 9,5 mi)wnf(ni) (28)

In these equations, the expression for m is an approximation
based on Carson's rule for rf bandwidth, and the expression for fmk
is also an approximation, since the ratio fmk/'nk actually varies

somewhat with . As in Sec, IT, the value of the peak-to-average

power ratio Ak will be set equal to 10,

Values of the recelver transfer characteristic RFF hased on an

(23)

equivalent to Eq, (24) when m and mj are greater

than unity, but also valid for smaller values of modulation index, are

approximation

plotted in Fig. 8 as a function of carrier offset for various values
of the composite modulation index defined in Eq, (27).

When the unwanted signal is TV/FM, the available theoretical pre-
‘dictions(ao) shown in Fig. 9 suggest that the dependence of the RTC
on the modulation index of the unwanted signal is not strong except

for small f Indeed, unless the curves for TVA and TVB in Fig. %b

d-
(based on Fig. 4-11 of Ref, 40) are incorrectly labeled, it would

appear that, for co—-channel operation (fd = 0), the relative inter-
ference effectiveness of TVA and TVE reverses as the rms modulation

index of the wanted FDM/PM signal is decreased from 1 to 0.5.

In any case, if the differences in RTC near fd = 0 are ignored
by taking an average of the curves for TVA and TVB, the RTC can be
(22)

represented by an expression having the same form as Eq. (24),
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3
(0.2 + 8 mi)wnwpf(ni)

Riy = Rpplmysfy) = (29)

expl- (1) /(m)] + expl-(1-v)% /h(m,)]

where

h(m) = 1.7(1.85 + mi) (30)

and all of the other symbols have the same meanings as before. This

empirical formula for RFT is plotted as a dashed line in Fig. 9.

Protection Ratios and Interference Sensitivity Factors for Inter-
ference to TV/FM Signals

The interference sensitivity factor Qi was defined as the ratio

. ]
of the protection ratio for the wanted signal against interference
from an identical reference signal to its protection ratio against
interference from the actual unwanted sipnal. Thus, if the unwanted

signal is another TV/FM signal

oy (Mg »M, 5 0)
(Mi IMj » ‘f

O d

where pTT(Mi,Mj,fd) is the protection ratio for barely perceptible

interference to a TV/FM signal with peak modulation index Mi and car-
rier frequency fi from a TV/FM signal with peak modulation index M
and carrier frequency fj = fi + fd.

Before presenting an equation for the dependence of Pepp ON M

3

i!
!5, and fd’ it may be useful to comment on the general state of knowl-

edge concerning protection ratios for TV/FM signals, Unfortunately,
no satisfactory theoretical predictions are available, and the pub-
lished experimental data are far from being complete and unambiguous,
There are several reasons for this. To begin with, the rating scales
used to define picture quality in the various experiments differ bhoth
in the number of levels (5, 6, or 7) and in the description of the
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levels (some are defined in terms of the perceptibility of inter-
ference, others in terms of the annovance it causes, and still others
as a‘conditional mixture of perceptibility and annovance). In addi-
tion, the value of protection ratio obtained from subjective tests is
quite sensitive, not only to the modulation ﬁarameters of the unwanted,
and especially the wanted, signals and to the difference, or offset,

in their carrier frequencies, but also to the nature of the picture
(still, moving, amount of detail) on each signal, nge again there

is little agreement among the available measurements,

Yet another source of confusion in Interpreting protection-ratio
data arises from the use of different criteria for assessing inter-
ference effects in the presence of significant thermal noise. Most of
the published measurements give the protection ratio corresponding to
"barely perceptible” interference in the presence of an amount of
thermal noilse specified by giving the ratio of picture (or luminance)
signal amwplitude~to-weighted rms noise at the receiver output, In
effect, the viewer is shown a picture degraded by noise only and then
asked to determine for the picture grade assoclated with that noise
level, the level of interference corresponding to the threshold of
bare perceptibility, The resultant vaiues of protection ratio are
roughly proportional to the picture sipgnal-~to-noise ratio because of
the tendency of noise to "mask" the effects of interference, That is,
the lower the signal-to-noise ratio, the higher the barely perceptible
1evei of interference, and hence the lower the protection ratio.

With a numher of gquallfications, the CCIR has published(él) an
empirical formula which reflects the dependence of protection ratio,
measured for zero carrier offset, In the manner just described on
the cutput picture signal-to-noise ratio SP/NW of the waﬁted television

gipgnal

‘PC -~ [49 - 10 log (SPINW)], 10 1log (Sp/NW) < 49 dB
(32)
PC, 10 log (Sp/Nw) > 49 4B

10 log DTT =
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The quantity PC was called the "protection constant,” although it is
clear from Eq. (32) that it is simply the protection ratio for output
signal-to-noise ratios exceeding 49 dB. The numerical value of the
protection constant depends on the peak-to-peak deviations, Afppi and
Afppj’ of the wanted and unwanted signals. This dependence, derived
in an unspecified manner at the 1971 Special Joint Meeting of CCIR
study groups (SJM) from data on both 525-1ine and 625-1ine systems is

shown in the following table.

Afppi(MHz) Afbpj(MHz) PC(dR)
B 8 36
> 15 34
16 < 10 28
16 30
= 20 28
24 < 18 25
24 27

The other criterion used in protection-ratio measurements asks
the viewer to grade the overall quality of a picture that has been
degraded by a specified combination of both noise and Interference.
The protection ratios determined for a given picture grade by this
criterion tend to be inversely proportiomal to signal~to-noise ratio,
since it is the combined noise and interference rather than a pre-
dominant amount of noise that determines the picture grade to which
the protection ratio corresponds.

Recent measurements with 525-1ine TV/FM svystems using this erite-

(42)

rion for protection-ratio measurement suggest values of protection

constant for Af = Af = 18 MHz, that are at least 15 dB lower
ppi ppl

than those implied by the SJM table, Part of this difference can be
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explained by the fact that the new measurements apply to the picture
grade judgments of nonexpert viewers whereas the SJH results were
based largely on the more-critical judgments of expert viewers, More~
over, the new measurements used "off-the-air" pictures with consider-
able subject motion to modulate both the wanted and unwanted signals,
while the SJM formula was based for the most part on the use of a
stationary-pictufe (8lide) for the signal. Finélly, Ref, 4] estimates
that uge of the protection ratios given by Eq. (32) would result in
Just perceptible interference auring less than 5 percent of possible
program picture content, Considering all these factors, it seems

safe tb conclude that Eq. (32) is uinnecessarily conservative for use
in planning for the kinds of pictures and viewers likely to be encoun-
tered in operating systems, . -

The CCIR has recently taken steps toward standardizing methods of
protection-ratio measurement and interpretation(3 42 so that the
results of future experiments will be free of some of the difficulties
just described. For this report, however, protection ratics will he
represented by empirical equations that fit the available data for
barely perceptible interference to a stationarv picture whose picture-
signal~to~ﬁéighted notse ratio lies hetween 50 and 5& dB--a noise
level that produces no subjective picture degradation, .

Wheﬁ both the wanted and the unwanted signai are TV/FM signals,

‘the experimental'data(42’43)_for 525-1ine systémé shown in Fig., 10 can
be fitted reasonably welltby the following_equationczz)
~0.85

10 IQg pTT(Hi’nj’fd) = 29.5_— 20 103 Mi —‘fdMi

(33)

~ 0,475 pT2e3g 00685 Mg

d

vhere

U= Mi/l‘[j '
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M= W /(2 ) - L= AE /(2 ) (34)

= peak modulation index of the TV/FM signal on link k
W, = Carson'a-rule bandwidth of the TV/FM signal on link k

k
Afppk = peak-to-peak deviation caused by television baseband
sfignal (including synchronizing pulses) on 1link k
ka = maximum frequency of video signal on link k

= 4.2 MHz for the U.S. 525~line television signél

Plots of Eq. (33) for the combhinations of wanted and unwanted
signal represented by the experimental measurements are shown by the
dashed lines 1in Fig. 10, It will be noted that at worst (fd = 5 MHz
for ﬁfpp = 18 MHz), the value predicted by Eq. (33), is 3 dB low and
in all other cases, the predicted values are well within the standard
deviation of the measurements.

Comparing Eq. (33) with the SJIM formula given by Eq. (32), it
ié geen that.the protection ratios predicted by £g. (33) with fd = 0
(the only valve to which Eq, (32) applies) are consistentlv about & dB
lower. Since both formulas are based on measurements with wanted
signals modulated by a stationary picture and having output signal-
to-weighted noise ratios of 49 dB or greater, the dfference is prob-
~ ably attributable to the previously noted fact that the SJM formula
was adjusted to yleld protection ratios so high that, for 95 percent
of possible program picture content, interference effécts would not
be even barely visible., The protection ratios te make interference
invisible for 70 percent of the possible pictures were estimated by
the SJM to be 4 or 5 48 1ower; Consequently, the use in this report
of protection ratios based on Eq, (33) may be reparded as equivalent
to the use of the SIM formula but with interference rendered invisible
for, say, 65 percent of the time rather than 95 percent,

On the other hand, Eq, (33) makes no allowance for the inter-
ference-masking effects of nolse. In this connection it might be
noted that Eqs, (32) and (33) yield virtually identical results for
a picture with a 43 dB signal-to-weighted noise ratio, If desired,
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a term 49 - 10 log (Sp/Nw) can be added to Egq. (33) for the case of
wanted signals with output signal~to-noise ratios lower than 49 dB,
All of these questions are academic, however, so far as the
sensitivity factor QTT 1s concerned. 1Its value reflects only dif-
ferences in protection ratio caused by differences in the modulation
indices and the carrier frequencies of the wanted and unwanted signals,
Thus, substituting Eq, (33) into Eq. (31), the sensitivity factor
for interference between two TV/FM signals 1s independent of the ahso-
lute value of the protection ratio for co-channel interference
0.85

+ 0,475 d

10 log Qup = £ (35)

s

When the unwanted FM signal carries FDM telephony, the sensitivity

factor is defined as

where P is given by Eq. (33) and pTF(Mi,Mj,fd) is the protection
ratio for barely perceptible interference to a TV/FM signal with peak
modulation index Mi and carrier frequency fi from an FDM/FM signal

with an effective peak modulation index M, and a carrier frequency

]
BT e ) (43)
An empirical f£1t*""" to the available experimental data, shown

in Fig, 11, gives

= ~1,15
10 log pTF(Mi,Mj,fd) = 24,1 - 20 log Mi - fdMi
(37)
- 0.85 U-deO.S H log 1

where

¥ o= “i/”j (38)



-70—

30
T~ -~
= | -~
)
Empirical
v curve
o 20
s
5 ~
o i ~
. ~
g ~
o 10 Unwanted FDM/FM sipgnal: ~
g telephone channels, n = 960
g rms modulation index, m = 0.75
B i symbol for data point*
0 i ' 1 _ L L
I 5 10 15 20
frequency offset, fd(MHz)
a. Peak~to-peak deviation of wanted TV/FM signal 8 MHz ~
:0”:‘%
j"Dn:.{?
30 o
Unwanted ¥DM/FM sipgnals Curve o
telephone channels, n A B
- rms modulation index, m | 960 | 1800
. symbol for data points* |[0.25 | 0.38

]

77
ﬁ? Yo ow
iy w2t
W & =
%
E-3

I

gy, "
Iy, "

protection ratio, pTF (dB}

—_— —_ - . %
o | =3 I 9.4
S — D
~ - —-—
Empirical ~ -
2 curve =~ e
B
-]
0 1 1 1 1
0 5 10 15 20
frequency offset, f (lﬂz)

b. Peak-to-peak deviation of wanted TV/FM aignal 24Mz
*Note: Vertical lines on data points indicate standard deviarion

Fig. 11--Protection ratios for barely percaptible interference

te a TV/FM signal from an FDM/FM signal



~ 80—

Mi = peak modulation index of the wanted TV signal
1.5
w- f LIS
M:I = . __,..;..._ - 1 wil'ﬂ (39)
2f f
mj mi

equivalent peak modulation index of the unwanted FINM/FM

signal

The second factor in Eq. (39) adjusts the actual peak modulation index
given by the first factor to a value that improves the agreement of
Eq. (37) with the experimental data.* Substituting Egs. (33) and (37)
into Eq. (36) yvields the sensitivity féctor for interference to a
TV/FM signal from an FDM/FM signal.

aac_\\
50 10 log Q.. = 5.4 + £, 21 10,85 w3 05 Y 100 (40)
0,7 © TF di d
oo, ©
¢ g
Q\.oq}%b
o RLnts of QTT and .. versus fd are given in Fig. 12, Note that

in no d&se does the interference sensitivity depend on the modulation
index of the unwanted signal when the carrier-frequency offset is
zero, Also note that, for zero~frequency offset, a TV/FM signal is
over 5 dB less susceptible to interference from an FDM/FM signal than
to interference from another TV/FM signal.

o

e ®

UNWAﬁﬁED—TO WANTED RF SIGNAL RATIOS

ngsiderlng either uplinks or downlinks, the ratio of unwanted-

to-warfted signal power invelved in the Interference from link j to

O11n1§:‘ i may be written

O“u x S
Q h ,
o ij - ij (41)
C. S
i ii

*

Personal communication from Y. C, Jeruchim, General Electric
Space Systems Organization, Valley Forge Space Center, Valley Forge,
Pennsylvania, 1973,
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where Sij is a general experession for the signal power produced at
thewlink i receiver input by the link j transmitter. In terms of

the relevant hardware and propagation parameters

§,. =P 0 /L 42
13 = 3"y Ly (42)
where
Pj = oputput power of link j transmitter
Hij = product of gains of 1link j transmitting antenna and link 1
receiving antenna in directions along the transmission
path between them
Lij = transmission path loss

Thus, determination of the individual unwanted-to-wanted signal
ratios veduces to calculation of the antenna gain products and path
losses for all of the wanted and unwanted signal paths, Certain
general aspects of these calculations will be discussed in this gubsec~
tion; the equations for specific antenna patterns, for path loss varia-
tions, and for calculating path lengths and antenna pointing angles

will then be treated in separate subsections.

Antenna Galn Products

In computing the antenna galn products I that appear in the

1]

expression for § it must be recognized that, although an antenna

»
may be describediis being either horizontally or wvertically polarized,
this is only an idealization, 1In practice, a horizontally polarizaed
transmitting antenna will in fact emit some vertically polarized radila-
tion, and a vertically polarized receiving antenna will accept some
horizontally polarized radiation-—the relative amount increasing with
angle from the antenna axis. Thus, in addition to the conventional
aritenna pattern G?w) which shows the anpgular sensitivity in a specifiled
plane through the antenna axis to radiation_of the polarization for

which it was designed, there is a pattern G(¢p) showlng its output of,

g
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or response to, radiation of the opposite, or cross, polarization.
The ratio of these two patterns at a given angle from the antenna

axis is the "polarization discrimination"

+ —
8(e) = Gl /6(®) (43)

at that angle.

Both G?@) and G?Q) will show a lobe st}ucturé for off-axis angles
outside the main lobe. Thexgeﬁeral dependence of the envelope of the
sidelobe peaks on off-axis angle is sketched in Fig. 13a for both the
co~polarized and the cross—poiarized antenna patterns. The corre- ’
sponding polarization discrimination dependence is shown in Fig. 13b.

In terms of the co-polarized and cross-polarized antenna patterns,
there are two expressions for the gain product, depending on whether

the transmitting and receiving antemnas have the same or opposite

polarizations*
+ + + - -
M3 (0s®)) = Co(@) G (9,) + G (0I6 (o)) (44a)
nij =
- _ + — - + .
Hij (?1,9,) = Gj (@) Gi(o,) + Gj(fpl)Gi{fﬂz) (44b)

2 4,4
+ sin”e Gj(wl)Gi(wz)

where Py 1s the angle between the axis of the link j transmitting
antenna and the path to the link 1 receiving antenna, mz is the angle
between the axis of the link i receilving antenna and the path from
the link } transmitting antenna, and € is the angular misalignment

of the polarization axes., The superscript + or — on Il indicates that
the wanted (ith) link and the unwantéd (jth) 1ink have the same or
oppogite polar{zations, respectively.

- _ . .
The expressions in Eq. (44) correspond to adding the rms values

of the voltages at the antenna terminals associated with the terms

in the sum since these voltages will not normally he in phase.
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In the expression for H; the second term will alwavs be nepli-

3

gible compared with the first. In the case of n; , the first or the

J

second term will normally be much larger than the others, but their
relative magnitudes will depend on the beamwidths of the two antennas

involved and the relative sizes of the off-axis angles ®, and ©®

1 27
Note that for small ¢, the third term in Eq. (44b) may be approxi-

2_+
mated by ¢ Hij'

Path Losses
For frequencieé below 10 GHz, the path loss disniays only com-

paratively small departures from its free space value

' 2
LOij = (Aﬂaij/li) ‘ (45)
where
Ai = (.3 fi
= wavelength of carrier on link i (wm)
fi = carrier frequency on link i (GHz)
‘aij = path length from link j transmitting antenna to

link { recelving antenna (m)

Above 10 GHz, absorption and scatter by rain can cause the path
losg to exceed its ffee space value by larger amounts, which depend
on the nature and density of the rain and on the length of path
affected. The fraction of time that the loss on a given earth~spacé
path exceedé a specified value thus depends on the rainfall charac-
teristics in the viciﬁity of the earth-station 1bcation and on the
elevation angle of the saﬁellite.

Measurements have been made for frequencies of 15,3 GHz and
31.65 GHz at a number of earth-station locations to dete;miﬁe diréctly
the rainfall attenuation statistics for earth¥to—space.naths, and aléo '
the correlation of these statistics with various meteorological and

radiometric descriptions of rainfall.(qh)' Although additional data
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are needed for other frequencies and locations, it 1is possible to
extrapolate the expetrimental results as was done in Fig, 6 to obtain

reasonable estimates for the ratio

Mij(p) = Lij(p)/LOij (46)

of total path loss exceeded only during some small percentage of the
time p to the free-space path loss for a path described by the loca-
tion of its earth station and the elevation angle of its space
station,

The approximate effect of rain attenuation on message quality
for a wanted link 1 can then he expressed in terms of the distribu-

tion Mi (p) using the following argument, Suppose that link { car-

i

ries FPM telephony and that in clear weather the total Interference
noise calculated by Rq. (22) is

IC - IC + IC

_ [
i up down = (L + k)Iup (47)

c
down
and downlink interference noise contributions and k is the ratio of

where IEP and I are, respectively, the total clear-weather uplink
the latter to the former.* Because circuit outages can be tolerated
for only small percentages of the time, interest centers on very
small values of p. The path losses exceeded for these values of p
are usually caused by intense, but localized, rainfall which will
normally affect only a single earth station at a tima,

Referring to the sketches 1n Fig, 14, 1t 13 seen that link {
will suffer serious message degradation only when localized rainfall
envelops its uplink earth station. This attenuates the uplink wanted

signal Ci without affecting the unwanted uplink signals X In par-

13"
ticular, the uplink interference noise which is exceeded only p per-

cent of the time because of rainfall is

*
An exactly similar argument applies for TV links if I is replaced
by LX/(CO).
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a. Uplink paths

b. Downlink paths

Note : Wanted signal paths are shown by solid lines,
unwanted signal paths by dashed lines.

Fig. l4--Path geometry during heavy localized rainfall
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T c

Iup = Mii{p)lup

The effect of localized rain at the downlink earth station on link 1
will uwsually be to attenuate both wanted and unwanted signals about
equally so that the downlink noise during intense rainfall differs

but little from its clear-space value

T . 1€
Idowu Idown

Using Eq. (47), it follows that the ratio of the total inter-
ference noise exceeded a small percentage of the time p because of
rainfall on link i to the total interference experienced in clear

weather is approximately

b
L _ My +k

1€ 1+k
i

(48)

For example, if the downlink noise on link 1 is four times the uplink
noise in clear weather (k = 4), and if Mii(p) = 10, then the total
interference noise will exceed its clear-sky value by a factor of
2.8(4,5 dB) only p percent of the time,

Link performance objectives normally take into account the
expected signal fading caused by variahle path losses by specifying
the percentages of time that various levels of interference nolse can
be exceeded. The question then is whether the actual interference
performance described by substituting experimental values of Mii(p)
into Eq. (48) is better or worse than that called feor by the link per-
formance objectives, If it is better than specifications, even for
the links subject to the most severe rain attenuation, then the effects
of rain on intetrference performance can be ignored,

Referring to Fig, 4a and assuming that the objective for inter-
ference from other satellite systems varies with percentage of time

in the same fashion as the CCIR objective for interference from
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terrestrial systems, the allowable interference relative to its
clear-weather value will vary as shown by the dashed curve in Fig, 15.
Then, applying Eq. (48) to the expected attenuation for Miami shown

in Fig. 7, the expected total interference relative to its clear-
weather value will vary as shown for several values of k by the solid
curves of Fig. 15. Since even for equal clear-weather uplink and
downlink interferemce (k = 1), the expected interference in the "worst-
case” rainfall area of Miami is less than the CCIR objective, it is
concluded that system design can safely be based on clear-weather

interference performance,

ANTENNA PATTERNS

To compute the antenna gain products defined in connection with

Eq. (42), equations are needed for the co-polarized and cross-polarized
patterns of antennas typical of those likely to be used in the 12 GHz
band by fixed- and broadcasting-satellite systems. Co-polarized pat-
terns for the main lobe and for the envelope of the sidelobes will be
given first for antennas whose patterns are the same in any axial plane;
i.e., whose beams have a circular cross section., The cross-polarized
patterns of such antennas will then be discussed, and finally beth

types of pattern will be generalized to the case of antennas whose

beams have an elliptical cross section.

Co-Polarized Main~Lobe Pattern for Circular Beams
(45)

The empiricél pattern developed by Rice will be used to repre-
sent the co-polarized main-lobe response of all antennas with circular
beams, both earth station and satellite, in both fixed-satellite and

broadcasting-satellite systems. The equation for the main-lobe segment

of the Rice pattern is

. . L \2.25
G(y) = c: [0.9976 (31{1‘-—1’-) + 0.0024] (49)

-+
vhare G0 is the co-polarized on-axis (or wmaximum) gain
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¢t = E? (5n)

and
u = GVE: sin ¢ = Vg(;?)sin o (51)

In these equations,

3
]

antenna efficiency

e
]

reflector diameter

wavelength

The gain specified by Eq. (49) drops to one-half its maximum
value when u = 1,319 radians. The implied haifupower beamyidth
(HPBW) is thus ‘

0, = 2 arcsin L3192 (radians)

VEHD/A

For the values of D/X typical of the systems to be considered here, a

good approximation to this wvalue is
48 ; ‘
P, = —-—%5—)‘—{& (degrees) (52)

For example, with n = 0.55, 9, = 65/(D/X) degreesQ

Illustrations of the relationships between D, G:, n/x, and @,
when n = 0.55 are given in ¥ig, 16 for f = 11,7 and 14 GHz,

-_C0~Polarized Sidelobe Envélopes for Circular Earth-Station Antennas

The CCIR has suggested specific equations to represent the
envelope of sidelobe peaks in interference calculations involving

earth-station antennas, The equations given for the fixed-satellite
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gservice differ somewhat from those sugpested for the broadcasting
service. For the fixed-satellite service, the formula to be used

depends on the diameter-to-wavelength ratio, D/}, as follows(46’47)

32-25 log o,
10 log G?@) = max n = 100 (53a)
- 10,

52-10 log (D/3)-25 log o,
+
10 log G(9) = max 2100 (53b)
- 10,

1]

where ¢ is the off-axis angle in degrees. Fgr /A 100, of course,

the two equations yield the same value for G{(g).
The equations representing sidelobe envelopes for receiving earth
. *
stations in the broadcasting~satellite service depend on whether the

(&)

These equations differ from those of the fixed service, not onlyv in

station is used for individual reception or community reception.

the sidelobe performance assumed, but also in the guantities used;
off-axis angle is expressed relative to the HPBW Py and gain is given

*k
in terms of the angular discrimination din dB
+ +,+ ‘
g(®) = 10 log G /G(w)] (54)
The pattern for community reception is

10,5 + 25 log (p/v )

+

g{(®) = min - (55)
10 log G:

% ‘

There are nc transmitting earth stations in the hroadcasting-
satellite service, since, by definition, the uplink to a broadcasting
satellite is considered to be in the fixed-satellite service.

*%
Also called "relative gain" or "directivity."
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and the pattern for individual reception 1is

9 + 20 log (m/mo)

+

G(w) = min <10 log G: (56)
30

To compare the sidelobe performance assumed for the two services,
the fixed-satellite service patterns can be put in the same form as

Eqs. (55) and (56) by using FEqs. (50) and (52) to obtain

-+
10 log Go = 43,5 - 20 log e, (57)

20 log (D/2) = (16.8 - 5 log n) - 10 log ?, (58)

and substituting these expressions into Eqs., (53a) and (53b). The
result, corresponding to an assumed antenna efficiency of about 57
percent, 1is

11.5 + 5 log @_+ 25 log —
o P

+ o
g(p) = min Pii 100 (59}

10 1log cz + 10

9.5 - + 25 log 2
N 9.5 5 log @, 5 log o,
glv) = min % < 100 (60)

+
1} log Go + 10

Plots of the earth-station pattern envelopes given by Egs. {55),
(56), (59), and (60) are shown for a given number of values of D/ in
Fig. 17. It is seen first of all that, while all of the patterns
except for broadcasting satellite, individual reception, vary with
off-axis angle at the same rate, the discrimination g(®) assumed for
broadcasting-satellite, community reception, antemnas 1s a few dB
superior to that assumed for most sizes of fixed-satellite antennas
in the near sidelobes, and 10 dB inferior (for a given D/X) in the
far sidelobe region. At D/A = 116 and 86, the near sidelobe
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performance is the same for the two services. The last difference
corresponds to the fact that, in the far sidelobes, the gain of the
broadcasting—satellite receiving antennas is taken at approximately
the isotropic level, whereas for fixed-satellite earth stations, the
gain is expected to be kept at least 1N dB below this level.

Ancther feature of the patternsa for the fixed-satellite service
displayed in Fig. 17 is that the angular discrimination of any two
antennas whose values of D/)} are such that their product equals 10l+
(for example, D/A = 30 and D/A = 200), are represented by the same
line in the near sidelobe region, although the discrimination in the

far sidelobes will of course be larger for the larger antenna.

Co-Polarized Sidelobe FEnvelopes for Circular Satellite Antennas

Just as with earth stations, the CCIR recommended sidelobe
envelope for a satellite antenna depends on the service in question.

The pattern tentatively proposed for the fixed-satellite service is

given by(és)
12(0/0_) " 0.5 < wlg, < 1,291
20, 1.291 < /o 0 < 3.1623
g(w) = (61)
7.5 + 25 log (w/wo), 3.1623 < m/@O < X%
+
1O log GO + 10, m/mo = X

where x is the value of wfwo'for which Gfm) = 0,1, This pattern assumes
that the antenna has been desipgned to maintain the first sidelobe
level at least 20 dB below the main lobe.

The CCIR provides: three patterns for satellite antennas in the
broadcasting-satellite service, corresponding to the degree of design
control maintained cver the levels of the first few Sidelobes.(49)

If there is no sidelobe control, the assumed eﬁvelope is

10,5 + 25 log (/% )
g{w) = min (62)
+
10 log GO
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With normal sidelobe contreol, it is assumed that the first side-

lobes are held to a level 25 dB below the main lobe

10.5 + 25 log (®/0 ), 0.5 < o/p, < 0.8119
20 + 130 log (w/w ), 0.8119 < g/ < 1.0926

g(p) = min 25, 1.0926 < @/, < 3.8019 (63)
7.5 + 25 log (9/o ), ¢/¢0 > 13.8010

+
10 log GD,

Finally, an envelope intended to represent the limit of the
state of the art in sidelobe control is given. The equation for this
discrimination pattern is formally identical to Eq. (63) except that
the segment of constant discrimination occurs over the éngular range
1.427 < wlwo < 15.11, and the value of discrimination in this range
is 40 dB rather than 25 dB.

Plots of the CCIR satellite. antenna sidelobe envelopes are shown
in Fig. 18. Referring to this figure, it will be noted that, just as
with the earth—statién patterns, the hroadcasting-satellite envelopes
imply performance superior to the fixed-satellite service in the near
sidelobes (3 dB better in this case) but 10 dB worse in the far side-
lobes., However, in contrast with the earth-station casé, it 15 not
as likely that these differences will be reflected bv the practical

antennas actually used by the two services.

Transition Between Main-Lobe Pattern and Sidelobe Envélopes

The sidelobe envelope equations fer all antennas in the broad-
casting-satellite service and for satellite antennas in the fixed-
satellite service are written to vield a discrimination of 3 dB when
P = molz. There is thus no discontinulty between the main-lobe pat-
tern and the sidelobe envelope, and the latter can conservatively
be used for m/@ﬂ = 0,5.

In the case of earth statlons in the filxed-satellite service,
however, the sidelobe envelopes given by Eqs. (53) and (54) or (59)
and (60) fail to intersect the main-lobe pattern at any angle when
D/} is greater than about 135 or less than 74, 1In Ref. 27, where it
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Fig. 18--Satellite antenna pattern envelopes

= 10.5 + 25 log (6/45)
B 7.5 + 25 log ($/¢,)
i B(10)
B 20 + 130 log (d/60) 5
© o B(20)
| \ F(10)
B-C
-~ \ B(50)
Legend e ___F(20)
. 4 = Main-lobe pattern - all antennas Eg. (49) é\x\\
B-A = Broadcasting-satellites - no sidelobe control Eq. (62) ¢ B(100)
| B-B = Broadcasting-satellites - normal sidelobe control Eq.(63) F(
B~C = Broadcasting-satellites - maximum sidelobe control 50}
F = Fixed satellites Eq.(61) 2
3 Note: Numbers in parentheses give diameter- to-wavelength ratio, D/X.
1 I b ;S T W N | l 1 A . 1 P WS S 1 1 L L 1 L i
ol 0.5 1 2 4 6 10 20 Lo 60

100

_86_



~99-

was erroneously asserted that the problem occurred for D/} > 175, this
anomaly was dealt with by assuming that the sidelobe envelope applied
‘down to the value of m/mo for which the discrimination was zero, and
that for off-axis angles smaller than this, the discrimination remained
at zero. In this report, we make the more fealistic assumption_thﬁt,_
"for earth stations in the fized-satellite service, the discriminétion
in the main lobe out to mfmo = 0.5 is given by Eq. (49), and the dis-
crimination in the sidelobes beyond w/mo = 1.5 by either Eq. (59)'or
(60). 1In the.transition region, 0.5 < m/mo < 1,5, it 1s assumed that
the main-lobe and sidelobe patterns are connected by a curve that

-+
appears as a straight line on a plot of g(yp) versus log (m/wo).

Polarization Discrimination and Cross-Polarized Patterns

A new draft CCIR report on polarization discrimination by means

(50)

of orthogonal circular and linear polarization concludeé that for
satellite antennas, an overall polarization discrimination (including
the effect df polarizers) of 25 to 35 dB for linear polarization and'
25 to 30 dB for circular polarization is currently'achievaﬁie within
the half—power beamwidth (w/m < 0,5).

- The overall polarization discrimination currentlv achievable for
earth-station antennas in the fixed-satellite service 1s a few dB
smaller because of the need to maintain'discrimination.over hoth the
transmission and reception bandwidths while carrying high microwave
power levels and meeting the requirements of low-nolse performance,
The report estimates that, within the half-power beamwidth, a polarizé—

"tion discrimination of 25 dB for circular polarization and 20 dB for
linear polarization can be maintained with present-day Eéchnoiogy.
With future developments, these values will increase by 5 dB, making

- the performance of earth-station antennas comparahle to that of satel-
lite antennas, |

Less information is avallable concerning the polarization dis-

crimination achievable outside the main beam, but an inspection of

the experimental data presented in Ref. 50 for three aﬁtennaé shows “
that the discrimination lies in the range from 10 to 15 dB at all
off-axis angles less than 90 deg. For a given antenna, the discrimiﬁa—

tion appears to be constant within a few dB independent of angle,
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whether measured as the difference hatween the actual co-polarized
and cross-polarized patterns, or between their peak envelopes.

For purposes of interference prediction for future broadcasting-
and fixed-satellite svstems, the foregoing conclusions will be repre-
sented by one of two empirical equations for polarization discrimina-
tion as a function of normalized off-axis angle m/wo. The "best case,'
corresponding to a discrimination of 35 dB in the main lobe and 15 dB

in the sidelobe region is given by

35, w/mo < 0,393
10 log 6(p) =< 46 - 28 o/, 0.393 < v/p, < 1.107 (64)
15, cp/qoo = 1.107

The "worst-case' alternative, which corresponds to 30 dB of discrimina-

tion in the main lobe and 10 dB in the sidelobes, 1is given by the

same equation but with the constants in each of the three ranges of

¢/¢0 reduced by 5 dB. Plots of both equations are shown in Fig. 19.
laving selected the appropriate polarization discrimination pat-

tern, the cross-polarized pattern Gfm) for any antenna is readily

calculated using the definition given in Eq. (43), viz
_ +
G(yp) = Glep) /3 ()

Patterns for Antennas with Beams of Flliptical Cross Section

Unless stated otherwise, it will he assumed trhat all earth-
station antenna beams have circular cross sectlons, However, to
better match the footprints of their antemnnas to the distribution of
earth stations belng served, many planned satellite antennas have
elliptical beams. In this case, the antenna reflector is itself
usually elliptical in shape and requires the specification of its
major and minor axial dimensions, D1 and DZ’ respectively,

The on-axis gain of such an antenna will be taken as the gain of

an equivalent circular antenna having the same physical area
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2 2
G = nu nlnzlx (65)

To specifv the pattern of the elliptical antenna in a plane
through the antenna axis that intersects the reflector at an angle
Y from its minor axis, it is assumed that the directivity gle) in that
plane is the same as for a circular antenna with a diameter equal to
the dimension D(y) of the reflector in the plane.

Thus, the main-lobe pattern will be given by Eq. (49) with GZ
given by Eq. (65) instead of Eq. (50}, and u given by

wo= i 2O gm0 (66)

instead of Eq. (61)., And, since all of the sidelobe envelope equa-
tions involve only mlmo, they may be used for the selected axial
plane by computing Py from the "elliptical equivalent” of Eq. (62)

_ 48/y_§

It remains to show how to compute the value of ¥ corresponding
to a particular interference geometry and, given ¥, how to compute
D(y) from Dl and Dz. The éomputation of ¢ ig8 a straightforward, albelt
tedious, exercise in solid analytic geometry. Referring to the sketch
in Fig, 20, it will be assumed that the elliptical satellite antenna
is oriented so that the maximum dimension of its footprint lies along
the line AF, where A is the antenna aim point (the intersection of the
antenna axis with the earth) and F is a point on earth which specifies
the desired footprint orientation. The maximum beamwidth plane Hl’
determined by the antenna axis SA and the point F, intersects the
antenna reflector along its minor axis and may thus be used as the
reference for measuring .

The axial plane @I, in which the pattern 1is desired is the one

2
containing the path bhetween the satellite § and the earth station E.

Therefore, the angle { to be calculated is just the angle between the

planes 1, and ﬂz. In terms of the direction numbers 11, my, ny and

1
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Fig. 20--Geometry for orlentation of ellipticai antennas
and ealculation of off-axis angles on space- earth paths

and HZ’ regpectively,

12, Myy 1, of;the normals to the planes Hl

_ 1.1, + mom, + n,n '
cos | = 12 12 L2 ‘ (68)

—\/(ii + mi + ni)(lg + mg + ng)

where the direction numbers are referred to the rectangular coordinate
system shown in Fig. 20 with origin at the center of the earth, the 2
axis through the north pole and the X axis through the prime meridian.
The direction numbers 11, mys N, can be computed in terms of those
for the intersecting lines SA and AF that define the plane Hl.
Similarly, 12, m,, n, can be computed from the direction numbers of the

lines SA and SE that define HZ' Thus,

I

=]
ot
1]

1° 1 blc3 - b3c1, my €185 = Cadys n ab, - a b

—
—
[}

b.e,. - b.c

9 2 152 9C1s m, = cia8, = C,3 a.b

1%2 2%1° B, =-a1b, =~ a,b,
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where the direction numbers of the three lines in question may be
expressed as follows in terms of the x, y, z coordinates of the points
S, A, E, and F

SA: a; = X, = X b1 = ¥, - YS ey = Zy T 2Zg
SE: a, = ¥p = xS b2 = yE - ys Cy = 2y T Zg
AF: dq = Xp T X, b3 =Yg " Y, Cq = Zp " Z,

Expressing distances in units of the earth's radius, these co-

crdinates are

83 Xg = d cos rg Vg = d sin rg zg = 0

A: X, = cos 1A cos r, Y, = cos 1A cos T, Zy = sin 1A
E: Xy = cos lE cos I Yy = cos 1E sin ry Zg = gin 1E
¥ Xp = cos lF cos Ty ¥p = cos lF sin Tp Zp = sin 1F

where d = 6.617 is the radlus of the geostatlonary orbit, and 1 and r
are, respectively, the latitude and longitude of the points whose
subscripts they bear,

In the special case where it 15 desired that the long dimension
of the antenna footprint be tangent to the parallel of latitude through

the aim point, the direction numbers of AF reduce to

a, = ~sgin rA b3 = 08 rA c, =0
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The computation of D(Y) is much simpler, Referring to Fig, 21
and recalling that D(y) is the "diameter" of the ellipse at an angle
Y from its minor axis, it follows directly from the equation of an

ellipse in rectangular coordinates that

N

D(Y) = (sinzw/Di + cosz¢/D§) (69)

2 2
X + b -1

2 D2 /4
DZ/A 1/;

(X,7) x =(1/2)L(Y)cos ¥
y =(1/2)D(b)sin ¢

by = (costy y sin? 3"l

2 2
D2 Dl
Reflector

Fig. 21--Geometry for calculating "effective diameter" D(¥)
of an elliptical antenna

TRANSMISSION PATH LENGTHS AND ANTENNA OFF-AXIS ANGLES

The path length between an earth station and a satellite is
needed not only for calculating the free-space path loss defined in
Eq. (44) but also for calculating the off-axis angles needed in the
gain-product calculation of Eq. (43), Straightforward trigonometry
applied to the triangle SOE in Fig, 20 yields for the path length a

between a satellite S and an earth station E
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2

a2 = a® + 1 - 2d cos 1, cos (ry - rg) (70)

]

where the symbols have the same meanings as before.
Again referring to Fig, 20, the off-axis angle Psp of the earth-
station F viewed from the satellite § with antenna aimed at A is

obtained by applying plane trigonometry to the triangle SAE,

2 2 2
a, +a, - p
~ 17 %
Qgp = arccos 23132 (71)

where a; and a, are the path lengths SE and SA, and p {8 the straight

line distance EA given by

2 { '
= 1 -~ -
p 2T cos 1, cos 1, cos (rE rA) + sin 1, sin lA] (72}

Finally, the off-axis angle wES of a satellite S viewed from an

earth-station E with antenna aimed at a point A at longitude T, in

the geostationary orbit is, by similar trigonometric arguments

Ppg = Brcecos — (73)

where ay and a, are the path lengths ES and EA and s is the straight-
line distance SA given by

s = 2d sin %{rs -r,) (74)

A
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V. SHARING TACTICS AND METHODS FOR DETERMINING
COMPATIBLE SATELLITE SPACINGS

The preceding sections have laid the groﬁndwork'for designing
fixed- and broadcasting-satellite systems to meet designated noise
"objectives and for computing the interference levels that will arise
among such systems when a number of them share the orbit and spectrum.
In this section, the interference equations of Sec. IV will first be
analyzed -to identify and assess the relative effectiveness of the
various design tactics that reduce interference and thus can improve
orbit-spectrum utilization. Parametric metheods will then be described
for determining the particular satellite system deployments that

keep interference levels within specified objectives.

EQUATIONS FOR SINGLE INTERFERENCE ENTRIES

The basic constraint on any strategy for sharing the orbit and
spectrum is that the total interference appearing at the message
¢hannel outputs in any sharing system shall not exceed specified limits.
The general equations for computing the total interference in the
worst channel of any rf link in a system are given in- Sec. IV as the
sum of contributions or interference entries from each of the unwanted
uplinks and downlinks.

In particular, if the ith wanted link carries telephone channels
in frequency division multiplex and if I, is the interference objec-’
tive, then the total interference noise at the output of the worst

channel on link i (see Eq. (22)) must meet the condition

I =5V ) o+ ' '

i zj:( iJ)uP zj: (Iij)down = I0 75)
'where each term in the sums has the form

- 102 L
Iij = 10 (xij/ci)/Rij | {76)
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and the sums are carried out over all interfering links (3 # 1i).
Similarly, if the wanted link carries a televigion signal, and

if Py is the protection ratio for interference from a signal of the

same kind, then the total unwanted-to-wanted signal ratio on link i

(see Eq. (23)) must meet the condition

R ) . ) -1 (77)
(E) ) ? (Xij/ci)up ¥ 2k:(Xij/Ci)dowm <%
i

Here, the terms in the sums represent the effective unwanted-to-wanted

signal ratio as a result of interference from the jth link and are given

by

h b N BT | (78)
Ci Qij Ci

where Qij is the interference weighting factor defined in Egqs. (31)
and (36).

Referring to conditiens (1) or (3), it is seen that there is no
unique way of satisfying the interference constraint; it is only re-
quired that the weighted sum of the Xij/Ci over all interfering links
be restricted. But the key to counfiguring systems so as to keep the
sum of the interference contributions within bounds lies in under-
standing how to control the individual interference entries repre-
sented by Egs. (76) and (78).

Expressing such an interference contribution in terms of the
parameters of the wanted and unwanted links, it is possible to see how
these parameters affect sharing and to judge the relative effective-
ness of various sharing tactics—-i.e., the individual design cholces
that enhance orbit-spectrum utilization. For this purpose, consider
the downlink path geometry sketclhed in Fig. 22a. The wanted signal
path from satellite S to earth station E is shown by the solid line
and the unwanted signal path from the interfering satellite 5~ to

E by a dashed line. These paths have losses L and L~ and make angles
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a. Downlink interference

T
N

£ A E'

b. Uplink interference

Fig. 22--Geometry and notation for wanted and unwanted paths



-110-

8 and 687, respectively, with the satellite antenna axes SA and 57 A~
The angle between the paths—-—-the separation of the satellites viewed
from the earth station—~is denocted wp,

When the wanted downlink carries an FDM/FM signal, the single-
entry interference contribution in dB relative to 1 pWOp, cobtained
from Eq. (76) by expressing ){ij/Ci in terms of the egquipment and

path parameters, is

+ +
10 lag Idown = AES + Ags + AL - gE(w) + 90 -~ 10 log R (79)
where
AES = 10 log (ES,/ES) = difference in satellite eirps (dR)
+ + + . . .
Ags = B¢ 0y - 8- (67) = difference in satellite antenna
angular discrimination {dB)

AL = 10 log (L/L7) = difference in path losses (dR)

10 log R = receiver transfer characteristic for interference

from 5 into E(dB)

and, in general, g:(a) is the co-polarized angular discrimination of
antenna A at off-axis angle o as defined in Eq. (54). If the wanted
and unwanted transmissions are cross-polarized, the interference con-
tribution is given by the right side of Eq. (79) less the overall

downlink polarization discrimination

-1 -1 2 1
10 log [53, (57) + aE (p) + sin EI (80)

where ¢ is the angular misalignment of polarization axes and, in gen-
eral, SA(a) is the polarization discrimination of antenna A at off-

axis angle a as defined in Eq. (43). Since the polarization discrimi-
nation of the individual antennas varies with off-axis angle over the

range from 10 te 1000 the overall discrimination term is always positive.
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The expression for an uplink interference contribution is gquite
similar to Eq. (79). Referring to the notation and path geometry
illustrated in Fig. 22b, it is easily demonstrated that, when the
wanted and unwanted transmissions are co-polarized, the interference
noise is '

+ + .
10 log 1up = AEE + Ags + AL - By - p”) + 90 - 10 log R (81)

where
AEE = 10 leog (EE,/EE) = earth-station eirp difference {(dB)
+ + + .- Ny . X
Ags = 8¢ (a) - &g (67) = difference ip satellite antenna
_ ‘ angular discrimination (dB)
AL -= 10 log (L/L”) = path loss difference (dB)
10 log R = receiver transfer characteristi¢ for interference

from E” into. § (d4dB)

As in the case of the downlink interference contribution, if the wanted
and unwanted uplink transmissions are cfoss—polarized, a term repre—

senting the overall uplink polarization discrimination

-1 -1 - 2 Tt
10 log [55 (07) + 8.~ lp7) + sin e] (82)

must be subtracted from the right-hand side of Eq. (81).

The first four terms in Eqs. (79) and (31)'(or five terms for
cross-polarized interference} represent the ratio in dB of unwanted;
to-wanted signal power. For both downlinks and uplinks it is seen
that this ratio is given by the angular discrimination of the earth
antenna, appropriately adjusted for eirp and path loss differences,
and for the effects of satellite antenna pointing and polarizatien
&iscrimination.

Although the uplink and downlink expressions are quite similar

in form, there are important differences in the meaning of corresponding
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terms. In the downlink case, for example, Ag; represents the differ-
ence in angular discrimination toward the earth station of the anten-
nas on different satellites, whereas, in the uplink case, ﬁg; is the
difference in the discrimination of the same antenna towards two dif-
ferent earth stations. A practical consequence of this distinction
is that the magnitude of uplink interference contributions for a given
satellite spacing and combination of wanted and unwanted signals can
exhibit a spread in values of about * 3 dB whereas the downlink con-
tributions exhibit a negligible spread. Another difference lies in
the interpretation of the earth-station angular discrimination term.
In the downlink expression, the antenna in question is the receiving
antenna on the wanted link, whereas in the uplink expression, it is
the transmitting antenna on the unwanted link.

Despite these differences, the uplink and downlink expressions
are similar enough that a good understanding of sharing tactics can
be based on a discussion of only the downlink expression. For this
discussion, suppose that Il is the maximum allowable interference for
the single downlink interference entry represented by Eg. (79). The
1 Using Eqs. (79)

and (80), this inequality may be written for the general case of cross-

condition for acceptable interference is then I < I

polarization as a condition on the angular discrimination of the

receiving earth-station antenna

. +
gp(p) =10 log pq ¥ AEg + Agg + AL
(83)

-1
-1 - 1 ;2
~ 10 log [65, (67 + GE (p) + sin e]
where oy is the protection ratio corresponding to the single-entry

interference allowance Il, and is given by

.9
Py = 10 /(RIl) (84)

If the wanted link carries a TV/FM signal, a similar analysis

beginning with Eq. (78) leads to an equation identical to Eq. (83)
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except for the definition of the effective single-entry protection

ratio‘pl. - In this case, of course, €1

ratio objective itself, adjusted only as needed to apply to the single

is the interference protection-

entry in question. »
Regardless of the nature of the wanted and unwanted signals, the

minimum satellite spacing P, which meets the interference objective

is. given by the value of ¢ which makes the earth-station angular dis-

crimination just equal to the expression on the right-hand side of

Eq. (83). Note that spacing computed in this way for U.S5. latitudes

should be reduced by about 10 percent before comparison with satellite

spacings measured from the center of the earth,

SHARING TACTICS

Sharing tactics may be categorized by the term in Eq. (83) whose
value they control, and the relative effectiveness of a particular
tactic can in most cases be measured by the impact it has on the mini-
mum allowable spacing P’ Generally speaking, effective tactics are
those that either decrease the right-hand side of Egq. (83), or increase
its left-hand side, for a given ¢. The effect of the former is to
reduce the discrimination required.of the earth-station antenna; for
. a given antenna, this means a reduction in P The effect of the lat-
ter type of tactic is to reduce the P at which the required discrimi-
nation is achieved. Tt should be noted. in passing that certain combi-
nations‘of tactics can reduce the right side of Eq. {(83) to zero or
less, which means that the interfering links can operate with zero
satellite separation—-i.e., from the same satellite. The discussion
of specific sharing tactics begins with those that reduce the first,

or protectioﬁ—ratio, term on the right side of Eq. (83).

Increased Interference Objectives

- For an FDM/FM link, probably the most obvious way to reduce the
protection ratio is simply to increase the total interference objec-
tive and hence all of the single-entry objectives. Although the CCIR
specifies a 1000 pWOp Iimit for interference from other satellite

systems (see Fig. 4), it is possible, particularly for. domestic systems,
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that system applicants and the appropriate regulatory agencies could
agree on a higher value without affecting the 10,000 pWOp total noise
objective.

For example, when there is no sharing with terrestrial systems,
as in the U.S. table of allocations for the 11.7 to 12.7 GHz band, the
interference limit could be doubled without changing the thermal-noise
and intermodulation objectives by reassigning the 1000 pWOp CCIR allow-
ance for terrestrial interference to satellite systems. Another pos-—
sibility, applicable to single-carrier-per-transponder operation,
would be to assign the 1500 pWOp allowance for intermodulation in the
satellite output amplifier to satellite system interference. Beyond
this, a part of the thermal-noise allotment could be reassigned, but
this would require an increase in the products of transmitter eirp and
receiver figure-of-merit on the up- and downlinks. If such increases
were applied uniformly to all sharing systems however, there would be
no effect on the wanted-to-unwanted signal ratios, and hence spacings
could be reduced in accordance with the increase in the absolute value
of the interference objective.

The magnitude of the reduction in satellite separation made pos-
sible by increasing the allowable interference can be inferred from

an inspection of Egs. (83) and (84). Thus, multiplying I, by a factor

k reduces the associated protection ratio and hence dividis the angular
discrimination required of the earth-station antenna by the same factor.
When it is recalled from Sec. IV that the assumed angular discrimination
varies with the inverse square of off-axis angle for individual recep-
tion broadcasting and as the inverse 2.5 power for all other services,
it is seen that the minimum satellite spacing will be divided by fac-
tors of k0'5 and k0'4, respectively. For example, if the interference
cbhjective is doubled, the minimum spacing can be reduced by 29 percent
for individual reception broadcasting, or by 24 percent for community
reception broadcasting and for the fixed-satellite service., If no
other system parameters are changed, orbit-spectrum utilization (in
channels per MHz of bandwidth and degree of orbital arc) will be multi-
plied by these same factors.

In the case of television links, reducing the protection ratio

by allowing more interference in exchange for less noise is not likely
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to be an effective tactic when the output plicture-signal-to-noise
objective is 49 dB or higher. The problem is that the protection-ratio
objective was defined as the input carrier-to-interference ratio which
produced barely visible interference to just such a "noise-free" plc-
ture. To decrease the protection ratio objéctive below this value
would be to allow interference that would be more than barely visible,
even if the signal-to-noise ratio were increased at the same time.

This tactic could have some value where the noise objective per-
mitted a certain degree of picture degradation; the protection ratioc
might then be lowered in exchange for an increase in the signal-to-
noise ratio which left the picture quality unchanged. Unforfunately,
the subjective effects of noise and interference are different and

there are insufficient data to establish the tradecff between them.

Higher Modulation Indices

A second way to reduce the single-entry protection ratio Py in
Eq. (83) is to use a higher modulation index for the wanted signal.
With FDM/FM wanted signals, the effebt is to increase the receiver

transfer characteristic R to which p, is inversely proportional,

Assuming wideband modulation, R is niarly proportional to the cube of
the wanted signal modulation index for both FDM/FM and TV/FM inter-.
ference as shown by Egs. (24) and (29), respectively. With TV/FM
wanted signals, the protection ﬁatid is proportional to the inverse

" square of modulation index as shown by'Eqs. (33) and (37).

Increasing the modulation index can thus allow quite significant
reductions in satellite spacing. For links.carrying only FDM/FM sig-
nals, a k-fold increase in modulation index would permit satellite
spaclngs to be divided by a factor of nearly kl'z. Spacings for
satellites carrying television, on the other hand, could be divided
by a factor of kO'B fdr community reception and k for individual recep-
tion. For example, doubling the modulation index would permit a 43
percent spacing'reduction for broadcasting satellites intended for

community reception or for fixed satellites whose links carried tele-

vision as well as telephone circuits.
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Unfortunately, the decrease in spacing achieved by increasing
modulation index does not translate into a corresponding increase in
orbit-spectrum utilization. The reason is plain from Eqs. (6) and (15)
which show that the rf bandwidth requirement increases linearly with
modulation index. Thus, while there can be more satellites in a given
aorbital arc, the number of chanuels per satellite will be divided by a
factor which is roughly equal to the fractional increase in modulation
index. The net result is that orbit-spectrum utilization is not
strongly affected by modulation index. To a first approximation it

2 for satellites carrying only

can be expected to be multiplied by ko'
FoM/FM, be divided by kO.Z for community reception broadcasting satel-

*
lites, and be unchanged for individual reception broadcasting.

Offset Carrier Frequencies

A third way of reducing the required protection ratio for inter-
feronce to both FDM/FM and TV/FM signals is to offset the carrier
frequency of the interfering signal from that of the wantéd signal.
Reference to Figs. 8 and 9 for wanted FDM/FM signals and to Figs. 10
and 11 for wanted TV/FM signals shows that the protection ratio decreases
relative to its value for co-channel operation as the frequency offset
increases——the rate of decrease being dependent on the modulation
indices of the wanted and unwanted signals. For offsets of half the
¢f bandwidth of the wanted signal, the tactic is called frequency
interleaving and the result is a 10 to 15 dB reduction in the protection
ratio for FDM/FM signals and a 5 to 10 dB reduction for TV/FM signals.
With a sidelobe envelope decay exponent of 2.5, the spacing reductions
corresponding to 5, 10, and 15 dB are, respectively, 37, 60, and 75 per-
cent relative to the spacings for strictly co-chanmel operation. The
corresponding increases in orbit-spectrum utilization are 58, 150, and

298 percent.

&

The factors cited assume that rf bandwidth is directly propor-
tional to modulation index, and so underestimate the improvement in
orbit-spectrum ucrilization., With FOM/FM signals for example, increas—
ing the rms modulation index from 1 to 2 should improve orbit-spectrum
utilization by about 31 percent, while an increase from 2 to 4 yields
a 24 percent improvement. The factor k9.2 corresponds to a 15 percent
improvement.
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Such spacing reductions could be achieved, for example, by arrang-
ing satellites im orbit so that in eaéh adjacent pair, the rf channels
occupied by the carriers of one are displaced by half a channel band-
width from those of the other. In practice, the technique is more
commonly used 'in conjunction with the tactic of polarization discrimi-
nation (to be discussed below) in such a way that this degree of carrier
overlap can exist in the same satellite, thus doubling the satellite

channel capacity.,

Eirp Difference Matched to Other System Differences

The second term in Eq. (83) represents the amount in dB by which
the eirp of the "unwanted” satellite exceeds that of the wanted satel-
lite. When the unwanted satellite has the lower eirp, the term is
negative and serves to reduce the angular discrimination required of
the wanted earth-~station antemna. Thus the unwanted satellite can be
leocated cleser to the wanted satellite than it could be if it had the
same eirp.

On the other hand, when considering interference to the link sup-
ported by the satellite with the lower eirp, the eirp difference has
just the opposite effect. It increases the required angular discrimi-
nation and hence the spacing required to protect the link compared
with that for equal eirp. To protect both links, the larger of the
calculated separations must be used. If the two earth-station antennas
are of about equal size and the signals on the links require about the
same protection ratios, it is obvious that the spacing that protects
both will be smallest when the satellites have the same eirp.

Equal eirps are by no means appropriate in the more general case
where there are differences in earth-station antenna sizes or in the
protection-ratio requirements of the two interfering links. Consider
the case of dissimilaf but co-polarized satellites, B and F, adjacent
to one another in orbit and having eirps EB and EF’ respectively.
Ignoring the terms in Ags and AL, i1t is readily shown from Eq. (83)
that the separations required to protect each satellite from the other

will be equal when the ratic of eirps is adjusted so that
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where DB and DF are the earth-station antenna diameters and DBF and

g 2re the protection ratios for the links from satellites B and F,
.respectively.

For example, assuming the same protection-ratio requirements, a
broadcasting satellite using 3 ft receiving antennas should have a
10.3 dB eirp advantage over a fixed satellite working into 32 ft earth
stations in order that the satellite separations to protect one system

from the other will be the same for both.

Crossed-Path Geometry

The third term in Eq. {(83) 1s the amount Ags by which the angular
discrimination of the wanted satellite transmitting antenna in the
direction of the receiving earth station exceeds that of the unwanted
satellite. When all satellite antennas are aimed at the same point,
as is normally the case for domestic fixed-satellite systems serving
the entire country, the off-axis angles ¢ and 9° in Fig. 22 are nearly
equal and, assuming identical satellite antenna patterns, the term is
negligibly small.

On the other hand, when satellites are aimed at different points,
as in the case of broadcasting satellites with different service areas,
87 will exceed €& and the term Ags will be negative throughout each
service area. The magnitude of Ags at the center of the wanted service
area and the values to which it Increases at the service-area boundar-
ies depend, of source, on the relative values of 8 and 9°. These in
turn depend on the dimensions of the wanted service area relative to
the distances separating it from the service areas of adjacent unwanted
satellites.

By choosing satellite positions so that longitudinally adjacent
service areas are not served by adjacent satellites, it is possible
to make 67 larger, and hence Ags more negative, for precisely those
unwanted satellites whose separation ¢ from the wanted satellite are

smallest. By thus decreasing the angular discrimination required of
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Geostatlonary Orbit

e, no = 2 for four service areas

Fig. 23--Schematic examplés of crossed-path geometry
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the ground receiving antennas, the spacing between adjacent satellites
can be decreased relative to that which would be required if satellite
positions were assigned sequentially in accordance with the longitude
of their service areas,

Arranging satellites in the manner described will be referred to
as '"crossed-path geometry,”" since the wanted signal paths of necessity
must intersect one another. The tactic was first described by

(51)

Matsushita, and schematic illustrations are given in Fig. 23 for
the case where both service areas and satellites are equally spaced
at the same longitudinal interval. The different arrangements can be
identified by the number of crossings n, involved when there are a
large number of service areas as in Figs. 23a-d. An adaptation of
twice-crossed geometry (nc = 2) for a system of four service areas is
shown in Fig. 23e.

The reduction in spacing afforded by crossed-path geometry rela-
tive teo the noncrossed case (nc = () depends on the value of n_, the
antenna patterns assumed, the longitudinal separation of the service
areas, and the required protection ratio; it is apparent that the
once-~crossed case (nC = 1) yields little or no reduction.

In the twice-crossed case however, crossed-path operation can
increase the wanted-to-unwanted signal ratio for a given satellite
spacing by several dB relative to that for the noncrossed case. For
example, assuming the configuration shown in Fig. 23c, with a satel-
lite antenna beamwidth of 4 deg and a ground receiving antenna having
a beamwidth of 2.5 deg and a CCIR community-reception sidelobe envelope

(51)

at a satellite separation of 5.5 deg to a maximum of about 6 dB at a

(see Fig. 17), Matsushita reported an increase ranging from 0 dB
13 deg separation. For a protection ratioc of 30 dB, the spacing
could be reduced from 17 deg to 12 deg, a 29 percent reduction.

To test the crossed-path tactic for domestic applications, the
computer program described in the Appendix was used to determine the
dependence of wanted-to-unwanted signal ratio C/X on satellite spac-
ing for the cases n, = 0 and n = 2. 1In this test, the baseline brocad-
casting-satellite systems for individual reception (see Table B) were

assumed to provide service to the four U.S. time zones {see Table 10).
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The results showed that, compared with the noncrossed reference geome-
try,rcrossed—beam operation had the following effects: At the centers
of the service areas, it reduced the value of C/X by amounts ranging
from 2 to'9 dB for all time zones at the widest spacing tested (10 deg),
but increased C/X by about 2 dBR for two of the time zones at the nar-
rowest spacing (4 deg). On the other hand, at the interface between
service areas, crossed-beam operation increased C/X by at least 5 dB
for all time zones and at all spacings.

Considering only the worst values of C/X, the variation with '
spacing at the center and edges of the service areas are displayed
for n, = 0 and n, = 2 in Fig. 24. From these curves, it may be con-
cluded that, for the case tested, crossed-beam operation has only a
small effect (* 2 dB) on interference vulnerability at the centers of
service areas but, by reducing the overall variation of C/X within a
service area, it provides a significant (5 to 6 dB) improvement at
the service area boundaries., For a protection ratioc of 30 dB at the
edge of the service areas, satellite spacing can be reduced from about

11.8 to 7.7 deg, a 35 percent reduction.

Cross—-Polarized Antennas

The path-loss-difference term, AL, in Eq. (83) will not be con-
sidered. Its numerical value is normally less than 1 dB, and in no
case does it appear to provide the basis for a sharing tactic.

The remaining term on the right side of Eq., (83) measures the
overall pelarization discrimination of the downlink antennas when
operated with crossed polarizations. If the wanted and unwanted sig-
nais emanate from the same satellite (p = 0 in Fig. 22), and the earth
station is within the main lobe of this satellite (6° = 08 < 80/2 =
half the satellite half-power beamwidth), an overall polarization
discrimination of from 20 to 25 dB is easily achieved. When the un-
wanted satellite lies outside the main lobe of the earth-station
antenna (& > mO/Z), the overall discrimination may be reduced to
between 6 and 10 dB.

If the single-entry protection ratio is'less than the available

net on-axis polarization discrimination of 20 to 25 dB, use of the
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cross-polarized tactic makes it possible to radiate two co~channel
gignals from the same sateilite. In practice however, the prerequi-
site condition is not usually met unless very wideband {high modula-
tion index) signals are inﬁolved. :

In addition, the 6 to 10 dB of polarization discrimination avall-
able in the sidelobe region of an earth-station antenna can be used
to achieve a reduction in the épacing between adjacent interfering
satellites carrying co-channel signals by factors of 1.74 to 2.51,
respectively, assuming a sidelobe envelope decay exponent of 2.5. For
example, using co-channel, horizontally co-polarized operation, de-
scribed'schematically in Fig. 25a, as a reference, cross-poiafized
operation with a sidelobe polarization discrimination of 7.5 dB per-
mits satellite spacings to be cut exactly in half as shown schematic-
ally in Fig. 25b. . _ _ _

As noted earlier, cross-polarization is often combined with the
tactic of frequency interleaving. When the interfering signals are
both ¢ross-polarized and interleaved in frequency, radiation from a
single satellite becomes feasible even at normal modulafion indices,
since the interleaving reduces the protection ratioc te a ﬁalﬁe small
encugh to be canceled by 20 to 25 dB of on~axis polarization discrimi-
nation. This combined use of tactiecs is illustrated in Fig. 25c¢ and
leads to the previously mentioned doubling of satellite capacity,
with no effect on satellite spacing.

Alternatively, if frequency interleaving and cross—polarization
are used on adjacent satellites, the combination of a 5_td‘15 dB re-
duction in protection ratio and.the 6 to 10 dB of sidelobe polariza-
tion discrimination can divide spacings by factors of from 2.1 {(for
11 dB) to 7.6 {(for 25 dB)'compared with co-channel co-polarized oper-
ation., This possibility is shown in Fig. 25d, where itfislseen that |
each signal is subject to four, rather than two, interference entries
from adjacent satellites. ' .

Finally, if the combination of frequency interleaving and cross-
polarization is used on both the same satellite and on adjacent satel-
lites, satellite capacity can be doubled and spacings usually cut in
half as sketched in Fig. 25e. It will be noted that in this case;
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most signals are subject to elght interference entries, considering
only signals on the same and the two immediately adjacent satellites.
Hence the sum of the amount by which the protection ratio is reduced
and the magnitude of the overall polarizatien discrimination must be
at least 14 dB.

The implications for orbit-spectrum utilization of using polari-
zation discrimination either by itself or in combination with frequency
interleaving are straightforwérd. Agaln using co-polarized co-channel
operation as a reference case (Fig. 25a), the utilization is doubled
by the tactics shown in Figs. 25b and 25c¢, and quadrupled by their use
as illustrated in Fig. 25e. The increase in utilization represented
by the arrangement of Fig. 25d will be comparable to that of Fig. 25e
for the same combination of signal characteristics and antenna per-

formance.

Earth-Station Angular Discrimination

Turning to the left side of Eq. (83), the question is, How can®
the earth-station receiving antenna be designed to achieve the dis~
crimination requirement represented by the right side of the equation
at smaller off-axis angles ©? The obvious answer, of course, is by
making it larger, but this "tactic" for increasing orbit-spectrum
utilization can have both economic and operational penalties. However,
even with the largest antenna aperture that can be used without an

undue impact on total system cost, orbit-spectrum utilization can

still be improved cver that possible with conventional antennas by

(52 It

using comparatively simple techniques of sidelobe reductionm.
is necessary however that these techniques reduce sidelobe levels to
the point where the angular discrimination close to the main lobe
exceeds the single-entry protection ratio.

The potential increase in orbit-spectrum utilization under these
conditions can be inferfed from the reference satellite-—antenna pat-
tern labeled B-C in Fig. 18. This pattern is intended to represent
the nominal 40 dB limit assumed for current sidelobe—reduction tech-
niques, but reductions less than this would alsoc be very useful when

applied to earth-station antennas. For example, if the discrimination

requirement given by the right side of Eq. (83) is 30 dB, pattern B-C
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shows that satellite spacing can be reduced from the value of 6 @,
required with conventional antenna performance (represented by pattern
B~A in Fig. 18) to 1.2 0 where mo is the half-power beamwidth of the
antenna. This reduction translates directly into a fivefold increase

in orbit-spectrum utilization.

DETERMINATION OF COMPATIBLE ORBITAL SPACINGS

In the foregoing discussion of sharing tactics, considerable
attention was given to the orbital separation that must be maintained
between two satellites to keep the interference from a link of one
satellite into a link of the other below a prescribed level (the single-
entry interference objective). The more general question, to be ad-
dressed now, is how to deploy the satellites of a number of different
systems so that, for each link in each satellite system, the sum of
the single channel entries-~that is, the total interference--meets the
overall interference objective for the link.

It is not sufficient to have a computer simulation program that
will determine the levels to be expected in a prescribed configuration
of systems. Such a program is indispensable for verifying the inter-
ference compatibility of a configuration once arrived at and, used
iteratively, it can be a powerful tool in converging on still more
efficlent configurations. The more basic need, however, is for approxi-
mate methods that will lead to orbital configurations worthy of more
detailed examination.

The multiple-system problem is straightforward and permits an
approximate solution in closed form for only one simple but very impor-
tant reference case. This 1s the "homogeneous' configuration in which
identical satellites, all carrying the same type of signal and serving
identical earth stations, are egqually spaced across the entire visible
arc of the geostationary orbit. Each satellite has a coverage or
service area determined by the beamwidth and pointing direction of 1its
transmitting antenna. These service areas are all of the same size,
since 1t was assumed that the satellites are identical, but it 1s
important to distinguish between the case where the service areas are

coincident (all satellite antennas aimed at the same point on earth},
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from that where they deo not overlap; "The geometry of the two caées
is sketched in Figs. 26a and 26b, respectively; the latter with the
assumption that the boundaries of adjacent service areas, as defined
by the 3 dB angular-discrimination contour of the satellite antennas,

are tangent. These two cases will be considered in turn.

Homogeneous Systems with Coincident Service Areas

To analyze the overlapping-coverage case let Pp, be the satellite
spacing in longitude--i.e., the angular separation measured at the
center of the earth--and let QN-Be the total number of satellites
visible above the horizon, If.péph loss differences are neglected,
the downlink unwanted-to-wanted signal ratio resulting from the satel-

lite at separation kmh from the wanted satellite is simply

e _____G(karph) | (86)
C G
0 N
where
Gﬁp) = earth-station antenna gain at off-axis angle ©
G, = G(0) = on-axis gain of earth-station antenna
a = ratlo of Eopocentric (measured‘aﬁ surface of earth)

satellite spacing té geocentric spacing

The ratio Gﬁp)/Go is given by the sidelobe angular discrimination
pattern envelope appropriate to the service in question as described

in Egqs. (59), (55), and (56), which may be written

0.5 2.5 (F = fixed satellite) (87)
14.13 P, Gpﬁ$0) ’ '

) { 11.22 Gphpo)z's, (B = broadcasting-satellite {88)
Glyp) community reception)

7.94 Gpﬂpo)z; (1 = broadcasting—sateilite (89)
individual reception)
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Fig. 26--Geometry with ring of homogeneous satellites
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where P, is the half-power beamwidth of the earth-station antenna in

degrees, and the formulas apply with the restrictions on o and P

given in Sec., IV. If these restrictions are ignored, and 1if it is

asgumed that the angle ratio a is independent of the satellite index

k (implying that satellite spacings are equal when viewed from the

earth station), the total downlink unwanted-to-wanted signal ratio

becomes

k=—N k=1 Go
2.5
(aep, fp ) N
h 00 - zk 2 5’ (F)
7.06 c_po‘ k=1
' -2.5
- (ap, frp ) _
151.6(]? k‘zlk 2 5! (C)

al -2
k7, (D

(90)

(91)

(92)

(93)

Finally, if it is assumed that the number of visible satellites

is large, then the finite sums, which represent the ratio of total

interference to that produced by the two neareést satellites, can be

approximated by the infinite sums

Y 2% < r2s) = 1,361
=1

3 kP = £(2) = 1.645
k=1
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Where £ is the Riemann zeta function. Thus, the homogeneous satellite
spacings which make the wanted—-to-unwanted signal ratio just equal to

. ®
the downlink protection ratio P down are given by

0.8 0.4
(0,468 0 " 00 (F) (94)
- 0.4
P, = 0.513 @ 0.7 s () (95)
.5
\0.585 o 0> (1) (96)

where the angle ratio a has been taken as 1.1, a value appropriate to
the midlatitude of the United States.

It is also useful to have expressions for the homogeneous satel-
lite spacing directly in terms of such system parameters as the earth-
station antenna diameter D and the modulation index m (or M) of the
rf signal. For this purpose, Eq. (52) may be used to express o, in
terms of D, With an antenna efficiency of 55 percent and a carrier

frequency of 11.7 GHz, for example, the half-power beamwidth is
v, = 5.45/D (97)

where ¢ 1s in degrees and D is in feet,

To express the downlink protection ratie in terms of the rms
modulation index m of the FMI/FM signal carried by a homogeneous
fixed-satellite system, let I0 be the total clear-weather interference

objective in pWOp, and let r_ represent the factor by which the total

F
interference exceeds that on a typical downlink. Then, from the defi-
nition of the receiver transfer characteristic, the downlink protec-

tion ratio is given by

P dowm = 109rF/(IOR) (98)

*

It should be noted that Eq. (96) will become inapplicable as P4
approaches 1000 (30 dB) because Eq. (89) doesn't apply for values of own
tp which cause GO/GGp) to exceed this value.
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where-Io is expressed in pWlp and R = RFF(m,m,O)'is the receiver
transfer characteristic for ce—channel interference between a pair of

the assumed n~channel FDNM/FM signals. Using the approximation given
by Eq.. (28),

R=1.78 f(n)(1 + 9.5 n°) (99)
where f(n) was defined in Eq. {25)., Combining Eqs. (94), {97),(98),
and (99), the minimum spacing in degrees for a ring of homogeneous fixed

satellites is

5746 rg'a

v, = s (F) (100)

0.5 -
[t @+ 9.5 ny]  p0P

1

The corresponding expression for the broadcasting-satellite ser-
vice may be obtained with the aid of Eq. (33) for the protection ratio
for interferénce-between two ldentical television signals. Thus, if M
is the peak modulation index, the total effective wanted-to-unwanted |

signal ratio must not drop below
_ 2
Py = 891/M (101)

Substitution from Eqs. (97) and (10l) into Eqs. (95) and (96) yields*.

’(
42.3rc0°4 , ‘
5.8 . {C) - 2 (102}
: _< DM
- 95, 2r 0.5
‘1 , () - (103)
DM , . .

where rb and ry are, respectively, the ratios of downlink protection
ratio to total protection ratio for community and individual reception.

If the picture signal—to—weighted_noise ratio objective (Sp/N 3
w O

*
The footnote on the preceding page also applies to Eq. (103).
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is less than 4% dB, the interference-masking effect of thermal noise
may be taken into account as discussed in connection with Eq. (32) by
multiplying .the protection ratio in Eq. (101) by the factor
- = 1

q = 10 [49 -~ 10 log (sp/Nw)o]/ 0 _ (104)
In view of Egs. (95) and (96), the effect of maskinglby noise is to
multiply the homogenecus spacing angle for community reception by
qo'4 and that for individual reception by qO.S’ For example, with
the baseline thermal-noise objective of 43 dBR assumed for individual
reception, q = 0.25, and the spacing of the corresponding broadcasting

satellites could be reduced by half.

Homogeneous Systems with Non-Overlapping Service Areas

The foregoing equatidns for homogeneous satellite spacings were
derived on the assumption that the same incident power flux density
is received from all interfering satellites. This may be a valid
assumption for domestic fixed-satellite svstems whose antenna foot-
prints cover the entire country. It will not be true for broadcasting
satellites that use spot beams to cover non—-overlapping service areas.
As noted in Sec. II, the first broadcasting satellites are likeiy to
be of this type to permit the use of simple receiving installations
with nen-steerable antennas.

In calculating satellite spacings for a homogeneous ring of
satellites with non-overlapping service areas, the directivity of the
satellites antennas must be taken into account because the antennas
are not all aimed at the same point. For a broadcasting-satellite
antenna with no sidelobe control, the directivity envelope suggested
by the CCIR is given by Eq. (62), which 1s equivalent to Eq. (88).

At the center of a service area, this leads to a 10.5 dB reduction in
the unwanted signal power from the closest satellites (S_l and S1 in
Fig. 26) when compared with the case of coincident service areas.

With non~overlapping service areas however, the worst interfer-

ence occurs at the boundary between areas, however, the worst interfer—

Referring to the path geometry shown in Fig. 26b, the unwanted-to-wanted
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signal ratio at the service area boundary for satellite SO is deter-
mined almost entirely by the contributions from satellites S_l and

Sl’ and so may be written

x _ Sl | G509,/ (105).
C c G (8 /2)
o s o

where GS(G) iz the gain of the satellite antenna at off-axis angle 9.
Using Eq. (88) for GS, and setting C/X equal to the required downlink
protection ratio, the homogeneous spacings for the ground receiving

. *
antenna envelopes previously considered for satellite broadcasting are

0.354 g 00" © 108
“h .
0.333 g 00> (M - aon

These spacings are seen to be, respectively, 31 percent and 43 percent .
less than thase given by Egs. (95) and (96) for the case of coincident
service areas. - | |

Proceeding as before, thé equations for ¢n may also be eipressed‘
directly in terms of the ground receiving-antenna diameter and the

TV modulation index.*

28,2 rg'4
y (C) (108)
o0+ 8
"0 7 ) 54,9 00
. 1 I f

Again, the interference-masking effects of thermal noise may be acknowl-
edged by multiplying the spacings given by Egqs. (108) and (109) by
qo'4 and qo‘S, respectively, where q is given by Eq. (104). Since g

is by definition less than unity, the effect is to reduce the spacing.

Spacings for Homogeneous Baseline Systems

The spacing for a homogeneous configuration of satellite systems

is of considerable interest because it represents the minimum spdacing

= :
Eqs. (107) and (109) will not apply for large values of Py

or small values of M for the reasons cited in connection with own

Eqs. (96) and (103).
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possible for systems having the specified combination of antenna di-
ameter and modulation index. 1t is the spacing that would yield the
highest utilization of the orbit-spectrum resource if allocated exclu-
sively to such systems. The homogeneous spacing is also of importance
in devising deployments of dissimilar satellite systems, because the
orbit-spectrum resource can be assigned in such a way that similar
systems occupy contiguous porﬁions of the resource (adjacent orbital
positions and rf channels). Such "local homogeneity" allows the per-
mitted satellite spacing to approach their homogeneous values within
each such portion of the resource.

It will be noted that the homogeneous system spacing does not
depend directly on such system parameters as eirp, thermal-ncise
objectives, receiving-system noise temperature, and fading margins;
these parameters enter the problem only to the extent that they in-
fluence the choice of values for the independent variables of earth-
station antenna diameter and modulation index. The other parameter
on which the homogeneous sﬁacing depends 1s the ratio of the downlink
wanted-to-unwanted signal ratio to the total or effective wanted-to-

unwanted signal ratio (denoted r r.,, or r

F? °C 1
spacing). This parameter depends in turn on the expected ratio of

in the equations for

downlink~to-uplink interference and may be estimated from a compari-
son of Eq. (79) with Eq. (80).

For homogeneous systems, the comparison suggests that on a typical
fixed-satellite link, the downlink interference contribution Idown
will exceed the uplink contribution Iup by the same amount that the
earth-station angular discrimination on the uplink exceeds that con
the downlink. Since the earth-station antenmnas will normally be of
the same diameter, it follows that the ratio of interference contri-
butions will equal the square of the ratio fup/fdown of uplink to

downlink carrier frequencies

I = (14/11.?)2 L =1.43 1
down up up
whence

= (Iup + Idown)/ldom = 2.43/1,43 = 1.70 (110)
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For broadcasting-satellite systems serving non-overlapping ser-
vice areas, the difference in 4B between the uplink and downlink
wanted-to-uawanted signal ratios at the boundary between service areas
will also be equal to the difference in the discrimination of the up-
link and downlink earth-station antennas. In general though, these

, so the ratio of

antennas will have different diameters D  and D
: up down

C/?up to C/Xdown will be given by
2 2

8= (fupDup) /FfdownDdown) (ll;)

and the desired ratio of downlink-to-total C/X by

r= (s + 1)/s ‘ o (112)

In the case of community reception, baseline antenna diameters of 16
and 12 ft were assumed for the ﬁplink and downlink, respectively, so
that, on the average, the uplink C/X will exceed that of the downliak
by a factor of 2.55 (4 dB). This implies that the downlink protection
ratio should exceed the total protection ratio by a factor

re = 1.393, (1.4 dB) - ‘ (113
By similar reasoning, the ratic of downlink-to-total protectien ratio
for the baseline antenna diame;ers of 16 énd 3 ft assumed for individ-
ual reception is very nearly unity. '

ry = 1.025, (0,1 dB) (114)

Using the baseline values of rF, rc, and rI in:Egs. (100),_(108),
and (109), respectively, the dependence of homogeneous satellite
spacing on antenna diameter Qas calculated for various modulation
indices appropriate to the.baseline fixed-satellite and broadcasting-
satellite systems described in Sec. III. The results are shown in
Fig. 27 and correspoqd‘to a total interference noise objective of

1000 pWOp for the fixed-satellite systems, and no interference—ﬁasking
(g = 1) for the broadcasting-satellite systems.

The modulation indices 1llustrated for the fixed-satellite systems
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Fig. 27--Satellite spacings for homogeneous systems
with co-channel, co-polarized signals
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correspond to operation in a 36 MHz rf bandwidth with 1200 channels

(m = 0.81), 900 channels (m = 1.19), and 600 channels (m = 1.94). The
1200 channel FDM/FM carrier represents nearly the maximum bandwidth-
limited capacity of the baseline fixed-channel transponder when operat-—
ing into the baseline 32 ft earth station. A 900 channel carrier in
36 MHz represents the maximum capacity for power-limited operation
with the baseline thermal-noise and threshold margin objectives but
does not require the full transponder output power. Use of 36 MHz of
bandwidth for the transmission of 600 channels requires the same power
as for 900 channels (to meet the assumed margin requirement), but
yields a 6 dB higher output signal-to-noise ratio and permits closer
satellite spacings.

It should be noted however that each of the modulation indices
also corresponds to many othef combinations of rf bandwidth and number
of telephone channels. For example, m = 1.19 also applies to 600
channels in an rf bandwidth of 24 MHz, which represents the power-—
limited maximum capacity of the baseline fixed-satellite transponder
when operating into a 16 ft baseline earth station.

The modulation indices chosen for the broadcasting-satellite
examples correspond to transmission of a 525-line TV picture in FM
bandwidths of 18 MHz (M = 1.14), 23 MHz (M = 1.74), and 30 MHz (M = 2.57).
These represent appropriate bandwidths for power-limited television trans-—
mission with the baseline noise objectives adopted for individual reception,
community reception, and fixed-satellite program distribution, respectively,

It is evident from Eq. (100), and from the previous discussion
of sharing tactics, that the spacings shown in Fig. 27 for fixed-
satellite systems could be reduced 24 percent if the total objective
for interference from other satellite systems was raised to 2000 pWOp.
Likewise, if the effects of noise-masking were allowed, the spacing
shown for individual reception could be reduced by 50 percent, since the
- 43 dB noise objective for individual reception would reduce the total
protection ratio by 6 dB.

The fact that non-overlapping service areas were assumed for the
broadcasting-satellite service should also be emphasized, since, as
previously noted, it permits a Spacing reduction of over 30 percent

compared with the case of overlapping service areas. Indeed, it
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brings the spacings for broadcasting satellites with the 12 ft base-
line community-reception antenna to a level comparable with or smaller
than those needed for the fixed-satellite service using 16 ft earth
gtations, or even with 32 ft earth stations used for 900 or 1200 chan-

nel carriers.

Approximate Spacings for Inhomogeneous Systems

An approximate method for determining compatible intersatellite
spacings when more than a single type of system shares the orbit, may
be derived as follows. As in the treatment of homogeneous systems,
attention is focused on interference among downlinks. An estimate is
first made of the downlink protection ratio required by each type of
link against interference from other links of the same type carrying
co-channel signals. These are simply the limits to which the total
downlink wanted-to-unwanted signal ratio must be held if the sum of
the uplink and downlink interference is to meet the overall inter-
ference objective for that type of system.

Using these downlink objectives, the homogeneous spacing 1s com-
puted for each type of satellite link. This provides an estimate of
the minimum spacing that must be maintained between adjacent satellites
carrying links of the same type. Based on the relative magnitude of
the homogeneous spacings, a trial arrangement of satellite positions
is postulated. For example, if there are only two kinds of links and
the inhomogeneous gpacings are roughly equal, an alternating deploy-
ment (XYXYXY) may be tried. On the other hand, 1f the homogeneous
spacings are quite different, a number of the satellites with the
smaller spacing might be placed in a cluster between the satellites
with the larger spacing (XYYYYYXYYYYYX). The spacings between adja-
cent satellites, and especially between dissimilar adjacent satellites,
remain to be determined.

Towards this end, eaeh type of wanted link is considered sepa-
rately. The total downlink interference to a given type of link from
other downlinks, both like and unlike, is expressed as the weighted
sum of reciprocal carrier-to-interference ratios indicated symbolically

in Eq. (77). Although this form of summation is more "natural' when
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the wanted link carries a television signal, the corresponding sum
for an FDM/FM wanted signal given by Eq. (75) can be put in the same
form by multiplying both sides of that equation by Riiflog, where
Rii = R (mi,mi,O) is the receiver transfer characteristic for inter-
ference from an identical co-channel FDM/FM signal. . In this case,

the sensitivity factor and the downlink protection ratio in the sum

N X ‘
(%) Z Ql Ci i ldown ' (115)
i dowm i=1 i i
become, respectively,
Q3 = R (m,mv)/R - (116)
pi down f ¥ 10 /(Rii i down) - aimn
'where Ii dow is the downlink interference noise objective for the

wanted FDM/FM link, and r, is the factor by which it is exceeded by

the total interference noise objective.

To compute intersatellite spacings that ensure the satisfaction
of Eq. (115), the sum is first resolved into groups of terms each
representing interference from a single type of satellite downlink.
Note that each term in such a component sum Will have the =zame

factor. The downlink protection ratio p, ié then similarly

i down
resolved, with the condition that the sum of the reciprocals of its

"components' be equal to P When the component sums are set

equal to the reciprocal coiﬁinents of Py down® the result is a set
of equations of the same form as Eq. (115) except that in each equa-
tion, iInterference from only a single type of satellite is Involved.
Under this condition, the dominant term in the interference sum of a
given equation is the one représenting the'contribution from the
nearest satellite. By estimating the contributions of the more dis-
tant satellites as a fraction u of the contribution from the nearest

satellite, the interference sum is reduced to a singlé term and each

component equation takes the form
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(1 - u)%-a =7t (118)
where X/C is the reciprocal carrier-to-interference ratio for inter~
ference from the nearest satellite, and p is the component downlink
protection ratio for interference of this type.

In this fashion, Eg. (115} is replaced by a set of conditiomns
on the carrier—-to-interference ratios produced by the nearest un-
wanted satellites of each type in the trial arrangement, These equiv-
alent single-entry equations are then solved for the required inter-
satellite separations as described at the beginning of this section.
That is, Eq. (118) is replaced by an equation like Eq. (83) in which
the single-entry protection ratio Py exceeds the component downlink
protection ratio in Eq. (118) by the factor (1 + u)/Q.

Having determined the intersatellite spacings required to pro-
tect each satellite in the trial configuration against interference
from both similar and dissimilar satellite links, a compatible set of
spacings can be arrived at. In practice, the process is rather more
simple than may be thought from the foregoing description, especially
when only a few different types of satellites are involved. Illus-
trative examples will be given in the following section where the pro-

cedure is applied to the baseline systems of Sec. III.

"Exact' Spacings for Inhomogeneous Systems

The intersatellite spacings obtained by the method just described
are necessarily approximate; thelr accuracy depends in large part on the
quality of engineering judgment used in partitioning the protection ratios
and in estimating the ratio of the total interference from one type of sat-
ellite to that from the nearest neighbor of that type. To verify the
compatibility of a configuration of systems based on the approximate spac-
ings and to converge on more exact spacings, a computer program capable
of realistically modeling the configuration and predicting the interference
levels on all links in a representative frequency band 1s an essential an-
alytic tool. A program of thils type is described in the Appendix and the
results of 1ts application are illustrated in Sec. VI.
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V1. ILLUSTRATIVE COMPARISON OF SHARING STRATEGIES

" was introduced in Sec. II to denote

The term "sharing strategy’
a particular plan or method for dividing the orbit-spectrum resource
among the systems of two or more radio communication services. As
noted there, one of the most important objectives of a sharing strat-
egy is to ensure that the orbit and spectrum are used efficiently.
It was also pointed out in Sec. Il that the efficiency of a given
sharing strategy depends not only on the particular combination of
sharing tactics and the orbital arrangement of dissimilar satellites
that characterizes the strategy but also on the parameters of the sys-
tems themselves and the signals they carry. In this section, a number
of sharing strategies will be introduced and evaluated for apecified

combinations of the baseline systems and signals described in Sec. 1I1.

STRATEGIES AND THEIR EVALUATION

General Categories of Strategies

The specific strategies to be examined may be divided into two
basic categories. In the first, or "spectrum-~division" category, the
total 500 MHz allocation is divided into two sub-bands whose widths
are proportional to the anticipated 1ong—range‘needs‘of the two ser—
vices. Each service is then assigned as the primary serﬁice in its
sub-band; i.e., the other service is permitted to operate in that sub-
band only to the extent that it does not interfere with the primary
service. There is thus no frequency sharing between services (al-
though it will still be ﬁecessary to have a strategy for intraservice
gsharing in each sub-band), but each service can utilize the eéntire
visible orbital arc.

The other sharing category, called "6rbit-division," permits each
service to utilize the entire 500 MHz frequency allocation but avoids
excessive interservice interference by deploying the satellites of the

two services with appropriate angular separations in the geostationary
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orbit. Examples of orbit~division range from an "alternating deploy-
ment” in which adjacent orbital positions are assigned to different
services, to a '"clustered deployment' in which several satellites

of one service are grouped together between adjacent satellites or
groups of satellites from the other service.

Just as with a spectrum~division strategy, the deployment of satr-
ellites in an orbit-division strategy should also take into account
the relative long-range demands to be met by the two services. For
example, if the foreseeable demand for satellite broadcasting can be
met by only a few satellites, only a relatively small fraction of the
orbital arc need be allocated to them.

As discussed in Sec. II, the orbital arec to be shared by domestic
systems in the contiguous United States is taken as the 75 deg segment
from about 60 deg to 135 deg west longitude that is visible above a
10 deg elevation angle from nearly every point in this region. Obwvi-
ously, portions of the geostationary orbit lying beyond the selected
75 deg segment could be used for systems covering only a part of the
country. For example, broadcasting satellites covering the western
half of the United States above 10 deg elevation could be located as
far west in longitude as 165 deg, and so also could fixed-satellite
systems dedicated to serving only this half of the country (plus
Alaska and Hawaii), for example.

It is expected, however, that the pertions of the orbit beyond
the 75 deg segment will not in fact be considered attractive for the
fixed~satellite service; therefore, they are excluded from considera-
tion as a fully sharable part of the orbit-spectrum resource. None-
theless, their existence and potential utility to the broadcasting-
satellite service should be borne in mind when considering how much
of the sharable 75 deg arc should be assigned to this service in an
orbit-division gtrategy.

Some of the specific deployments of interest in orbit-division
strategies are illustrated schematically in Fig. 28. In all of the
diagrams, the size of the symbol (dot or circle) is intended to indi-
cate the relative eirp of the satellite. In terms of the baseline

systems, small dots might indicate an eirp of 46 dBW, large dots an
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Fig. 28--Schematic examples of orbit-division deployments
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eirp of 52 dBW, and small circlea an eirp of 58 dBW with large circles
signifying an even higher eirp. Deployments a through d thus involve
only two "sizes" of satellites, with the disparity in size being greater
for 4 than for a, b, and c.

Diagrams a through ¢ represent forms of alternating deployment
appropriate to cases where the spacing of the satellites in a spectrum-
division strategy would be roughly equal. More specifically, a and b
would be appropriate where the demand for each service is about equal
in terms of the number of satellites required.

On the other hand, deployment ¢, in which the large satellites
are shifted to the ends of the visible arc, might be preferable when
only a comparatively few large satellites are needed to meet the antic-
ipated demands for their service. Finally, in this group of two-size
deployments, arrangement d is likely to offer most efficient orbit
utilization when very large satellites are needed to provide service
to very small earth receiving antennas, as would probably be the case
with individual reception in the broadcasting service.

Deployments e and f, respectively, indicate cases involving three
and four sizes of satellites, or to be more precise, three or four
degrees of inhomogeneity (when differences in signal characteristics
as well as differences in satellite eirp and earth-starion antenna
size are considered). Both of these deployments feature the tactic

of minimizing the degree of inhomogeneity between adjacent satellites,

Orbit-Spectrum Utilization and Utilization Factors

It has been suggested that the efficiency of a sharing strategy
can be measured in terms of the total communications capacity that
can be realized from the orbit-spectrum resource when shared relative
to the capacities that could be realized in the absence of sharing.
In devising quantitative measures of such efficiency, it {s first
necessary to recognize that, in practical terms, the information ca-
pacity of the orbit-spectrum resource is mot a fixed quantity, Capac-
ity has meaning only relative to the parameters of the commercially
feasible systems which share the resource and the fraction of the re-

source allocated to each type of system.
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For example, in a spectrum-sharing strategy, the total number of
TV channels that can be provided by broadcasting satellites will de-
pend not only on the fraction of the spectrum allocated to them, but
also on such system characteristics as the satellite eirp, the diam-
eter and pattern of the receiving antenna, the noise temperature of
the receiving system, the modulation method and wmodulation index used,
the extent to which the service areas of different satellites overlap,
the TV noise and interference performance objectives, and the degree
to which polarization discrimination and carrier-frequency interleav-
ing are used, Likewise,. the number of telephone channels that can be
provided by the fixed satellites will depend not only on the fraction
of the spectrum allocated to them, but also on a similar list of char-
acteristics for the systems of that service.

With an orbit-sharing strategy, the capacity for television and
telephone channels becomes even more indefinite, since interference
between the two types of systems can now occur and both the parameter
values of one service relative to those of the other and the relative
positions of the two kinds of satellites enter into the capacity cal-
culations.

Another problem arises, even when the strategies to be compared
are applied to systems with specified characteristics. Using the
recommended measure of orbit-spectrum utilization (number of message
channels per degree of orbit and MHz of allocated bandwidth), it is
difficult to compute and compare the total orbit-spectrum utilizations
achieved with the different strategies unless an arbitrary figure is
assumed for the number of fixed-satellite telephone channels that are
equivalent to a broadcasting-satellite television channel.

The problem of expressing orbit-spectrum capacitieé and utiliza-
tion in absolute terms can largely be avoided, and an unambiguous,
dimensionless, fipure-of-merit for sharing strategies established in
the manner proposed in Sec. TI. To recapitulate and enlarge on that
proposal, as it will be applied in this section, the dependence of
orbit-spectrum capacity on system characteristics is acknowledged from
the outset by specifying a set of reference or baseline systems to re-

present each of the services. Then, for each type of baseline system,
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the capacity of the orbit and spectrum* is calculated for the condition
in which the entire resource is allocated exclusively to systems of
that type. This capacity will be referred to as the 'homogeneous
capacity” of the resource for the baseline system in questionm.

The utilization by each service when the resource 1s shared among
specified baseline systems representing the two services using either
spectrum=- or orbit-division can then be expressed in terms of the
"utilization factor," defined as the ratio of the capacity actually
provided by its systems to the homogeneous capacity for such systems.
For each service, the utilization factor represents the fraction of
the resource utilized under the sharing strategy and should be compared
to the fractional share of the resource assigned to the service. TFor
any assigned division of the resource between the services, the total
orbit-spectrum utilization factor is then the sum of the utilization
factors for the two services.

The total utilization factor serves as a "figure-of-merit" for
a given sharing strategy and may be displayed graphically by plotting
it against the fraction of the resource allocated to one of the ser-
vices. The higher the total utilization, the more efficient the
strategy.

In this connection, it is interesting to note that although the
utilization factor by each service approaches 100 percent only as the
fraction of the resource assigned to 1t approaches 100 percent, the
utilization factor for certain systems and orbit-division strategies
can significantly exceed the fraction of the resource assigned to the
systems of one service. As a result, it is possible for the total
utilization factor to exceed 100 percent. This simply means that,
when the resource is shared by the two services, it is possible to
realize a total capacity greater than the capacity that would be ex-
pected if each service provided only a fraction of its homogeneous

capacity equal to the share of the resource assigned to it.

*
Either the total capacity or its normalized measure, the orbit-
spectrum utilization may be used.
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Homogeneous Capacity of the Orbit-Spectrum Resource

_ Values of the homogeneous capacities or orbit-spectrum utiliza-
tions provided by fixed- and broadcasting satellite systems are needed
for computing utilization factors.

The general expression for the homogeneous orbit-spectrum utiliza-

tion in channels per MHz per degree is

U= — {119)
‘,WCPh - ‘ .

It can be expressed In terms of basic system parameters using the
equations for homogeneous épacing ¢h'from Sec. V and the ratios W/n

of rf bandwidth to number of channels given in Sec. III. Thus, for

an n-channel FDM/FM fixed-satellite system with rms modulation index

m, the bandwidth per channel is givén by Egq. (7)-and the homogeneous
spacing by Eq. (100). With these substitutions, the homogeneous utili-

zation becomes
0.4 .
(LE/rp) 77 (g 4 gpd)0é 0-8 (120)

where the various parameters were defined in connection with the equa-
tions cited. For the common case where n = 240 telephone channels,

Io = 1000 pWOp, A = 10, and

F is given by Egq. (110), the result is
3,0.4
_ (1 + 9.5 m™) 0.8
UF 1.19 316 o + 1 D (1213

As an example appropriate to the baseline fixed-satellite system
the vélueszm =1and D = 32 ft, yield. a utilization of about 10 chan-
nels per MHz per degree. This corfesponds to a total capacity of
324,000 channels for 75 deg of arc and the net 12 x 36 = 432 MHz of
signal bandwidth typically available from a 500 MHz band of frequencies,

For a TV/FM broadcasting-satellite system with modulation index
-M and nonoverlapping service areas, W/n is given by Eq. (15){ and P
by Eq. (108) or Eq. (109); the resultant orbit-spectrum utilizations
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*
for community and individual reception are, respectively,

_ 0.00408 _ n%-8
Cc 0.4 M+1
(qr )

D (122)

_0.00219 M
Ur = 0.5 N¥+1? (123)
(qu)

where the factor q is included so that, if desired, the effects of
interference masking by noise can be taken into account. When qg=1

{(no interference masking) and r_ and ry are given by Eqgs. (113) and

(114}, the numerical factors incthe equations for UC and UI are
0.00357 and 0.00208, respectively.

For example, with values of M = 1.74 and D = 12 ft appropriate
to the baseline community-reception system, the utilization is 0.024
channels per MHz per degree, which is equivalent to a total capacity
of about 778 TV channels for 75 deg of arc and 432 MHz of bandwidth.
In contrast, the baseline individual-reception system (M = 1,14,
D =3 ft) provides a utilization of only 0.0033 channels per MHz per

: *
degree, corresponding to a total capacity of about 108 TV channels.

Combinations of Baseline Svstems to be Analyzed

Almost all of the important features of an orbit-spectrum sharing
strategy can be evaluated by applying it to reference cases in which
each service is represented by a single type of baseline system. Three
basic combinations of baseline systems, identified as Case 1, Case 2,
and Case 3, have been selected for analysis.

In Case 1, the baseline systems representing the two services are
deliberately chosen to have widely different parameters to i1llustrate
the effect of large inhomogeneities in satellite elrp, earth-station

figure~of-merit, and channel bandwidth. Referring to Table 8, the

*
As noted in connection with the equations for Ph the result

for individual reception is likely to be overoptimistic for compara-
tively low modulation indices because the CCIR-suggested upper limit
of 30 dB on earth-station antenna discrimination (see pattern I in
Fig. 17) was not allowed for.
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fixed-satellite, large-terminal baseline system (FL) is used to repre-
sent the fixed-satellite service. This system employs a 46 dBW satel-
lite in conjuncticn with an earth station having a 32 ft antenna. The
broadcasting-satellite service is represented byAthe 58 dBW satellite
and 3 ft diameter receiving installation listed in Table 8 for the
individual-reception baseline system (BI).

In Case 2, the fixed-satellite baseline systems of Case 1 share
the orbit and spectrum with the baseline broadcasting-satellite com-
ﬁunity—reception systems (BC). The latter uses 52 dPW satellites and
12 £t ground receiving antennas. This combination is probably more
closely representative of the broadcasting-satellite systems likely
to be developed for U.S. applications.

Finally, in Case 3, the baseline community-reception system of
Case 2 is paired with the baseline fixed-satellite system (FS) using
the "small," or 16 ft, earth-station antenna. This also represents
a sharing combination likely to occur in U.S. domestic applications,
and it is the most nearly homogeneous mix of fixed- and broadcasting~

satellite systems considered.

Combinations of RF Sipnals To Be Analyzed . '

For each of the three basic cases just described, there are a
number of subcases to be considered for each strategy;. One reason
is that the effectiveness of a sharing strategy depends not only on
the equipment parameters of the systems to which it is applied but also
on the characteristics of the signals on the links supported by those
systems. The parameters of the baseline systems were chosen to per-
mit their use with a variety of different signals. This is especially
true for the fixed-satellite systems. For example, using the large
earth station‘assumed in Case 1, a given transponder can be used for
a single 1200 channel link or for a number of links with capacities
ranging from one to sevefal hundred channels. Therefore, it would
appear necessary to consider a number of the foreseeable interfering
signal combinations that might arise in practice with FDM/FM liunks
carrying different numbers of channels with different eirps per

carrier, and using different carrier-frequency plans.
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Fortunately, a preliminary analysis suggests that the number of
cagses ta be considered could be reduced to a single one, provided that
certain reasonable rules are followed in the choice of modulation in-
dices and eirps for the various carriers. The rules in gquestion are
that the modulation indices of all carriers be those corresponding to
minimum-power or power-limited operation as discussed in Sec. III,
and that on all satellites, the relative carrier levels be adjusted
so that eirp for each carrier is proportional to the associated per-
carrier EG/T requirement. Table 3 illustrates a set of such modula-
tion indices and EG/T requirements for the baseline system noise and
threshold margin objectives shown in Table 2.

The reason that only one case need be considered if these rules
are followed is that the intersatellite spacings which ensure compat-
ible sharing with co~channel FDM/FM carriers of one size* are equally
applicable to carriers of all sizes, without regard to how they are
arranged in frequency. In particular, inter—-satellite spacings can
be computed with the assumption of co-channel single-carrier-per-
transponder operation using the largest size carrier for which power-
limited operation within the transponder bandwidth is possible.

To explain how the rules in question lead to this conclusien,
consider the three interference situations depicted schematically
in Fig. 29. <Consider first the set of wanted and interfering carriers
shown in Fig. 29a. Here, the carriers are arranged within the trang-
ponder channel sc¢ that each one faces only co-channel interference
from a carrier of like size. With this condition, the receiver trans-
fer characteristic R that determines the interference vulnerability
of a carrier will depend only on the modulation index m and the size
n of the carrier as given in Eg. (38). However, it may be shown that
the rule just given for choosing modulation indices leads to a depen-
dence of m on n wﬁich makes R almost exactly the same for all carriers,
regardless of size, It follows that the individual interference con-

tributions, as given by Eqs. (79) and (81), and hence the satellite

The term "carrier size' refers to the number of channels in the
baseband which modulates the carrier,
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Fig. 29--Schematic illuntraﬁion of interference tao FDM/FM carriéra
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spacings required to keep the total interference on the links within
specified limits will also be independent of carrier size.

In the interference situation shown in Fig. 29b, the restriction
on the arrangement of carriers having different sizes within the trans-—
ponder bandwidth is removed. The receiver transfer characteristic
now depends on the sizes and modulation indices of both the wanted and
interfering carriers and on the difference between the carrier fre-
quencies. Moreover, calculation of the interference contributions
must also take into account the difference AE between the eirps of
the wanted and unwanted carriers when they differ in size. However,
the combined effect of the rules governing modulation indices and
carrier power is to prevent the quantity AE - 10 log R in the equations
for the interference contributions from exceeding its value for co-
channel interference between carriers of the game size. Hence the
interference with carriers of unequal size and arbitrary frequency
plan is no greater than with co-channel carriers of equal size, and
the spacings which permit compatible operation in the latter case
also do so in the former.

Finally, consider the case of interservice interference shown in
Fig. 29c. Here, a pair of TV/FM carriers from a broadcasting satellite
are interfering with a set of FDM/FM carriers in the same transponder
channel, The receiver transfer characteristic R given by Eq. (29)
depends only on the modulation index m and size n of the wanted signal
and on the frequency offset of the unwanted signal. Again, inter-
ference is worst for the co-channel case, and it can be shown that the
dependence of R on m and n is such that the rules for choosing modula-
tion indices and carrier powers as a function of carrier size ensure
that the spacings computed for co-channel operation with any given
size carriér will protect carriers of all other sizes and frequency
offsets,

On the basis of the foregoing arguments, it would appear to be
sufficient to investigate sharing strategies using only a single
carrier size on the fixed-satellite system-—specifically, one of the
set of carriers whose modulation index corresponded to minimum power

operation. For example, a 900 channel carrier with 36 MHz bandwidth
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would be appropriate for the baseline fixed-satellite system of Case
1, and a 600 channel signal in a 24 MHz bandwidth for the fixed-satel-
lite system of Cases 2 and 3. But as a practical matter, there may
be sound economic reasons for operating with either higher or lower
modulation indices and eirps than suggested By the rules just dis-
cussed.

For example, on a single-carrier-per-transponder basis, the fixed~
satellite system of Case 1 has sufficient power to support up to 1500
channel carriers in bandwidth-limited operation. Such operation may

be economically attractive because fewer satellites are needed for a

‘given total system capacity, even though the correspondingly lower

modulation index leads to wider satellite spacings and slightly less
efficient orbit-spectrum utilization. To investigate the effects on
sharing of using modulation indices chosen by different rules, addi-
tional subcases are included. 1In Case 1, for example, sharing strat-
egles are analyzed for carrier sizes of 600 and 1200 channels as well

as for the 900 channel minimum-power carrier.

Analytic Approach

The same general analytic procedure is used for evaluating shar-
ing strategies in each of the cases and subcases described above. The
procedure consists of the following 6 steps:

1. The spacing, orbit-gpectrum utilization, and total capacity
for exclusive occupany, assuming co-channel, co-polarized
links, are calculated for each of the representative base-
line systems using equations such as Eqs. (100), (108), and
(109) for the spacings.

2. Using these data, the utilization factors for each service
and the total utilization factor are calculated for the
spectrum~division strategy as a function of the share of
the spectrum, and hence of the orbit-spectrum resource,
asslgned to each of the services.

3. Based on the homogeneous spacings calcﬁlated for the base-
line systems in Step 1, trial orbit-division satellite

deployments of the type shown in Fig. 28 are postulated
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along with carrier-frequency plans appropriate to the
signal bandwildths assumed for each service, using the
guideline discussed in connection with that figure. As

in the case of the spectrum-division stratepy examined

~in Step 2, it is assumed that neither frequency inter-

leaving nor cross polarization is employed on the links

of a given service. For each satellite deployment, the
required intersatellite spacings are calculated using

the approximation procedure for inhomogeneous systems
described at the end of Sec. V. Note that although no
frequency interleaving was assumed within a service, the
spacing calculations must take into account the frequency
offsets that may occur with interservice interference.

The interference compatibility of each of the trial orbit-
division strategies is tested for the baseline ground seg-
ments described in Sec. IIT by applying the computer simu-
lation program described in the Appendix. In particular,
the interference level computations for each strategy are
repeated for a combination of intersatellite spacings which

brackets the approximate values calculated in Step 3. The

"final" values of intersatellite spacings adopted for a given

strategy are then inferred from an inspection of the com-
puter simulation results.

For selected orbit-division strategies, the single-service
and total-utilization factors are calculated as a function
of the share of the orbit, and hence of the orbit-spectrum
resource, assigned to each service. The results for these
orbit~division strategies are plotted for comparison with
each other and with the results obtained at Step 2 for the
spectrum-division strategy.

Finally, the enhancement of orbit-spectrum utflization that
can be achieved by medifying the various sharing strategies
to include additional gharing tactics is investigated.
Predictioﬁs based on parametric analysis are verified where

appropriate with the aid of computer simulatioen,



~155-

CASE 1: SHARING BETWEEN FIXED-SATELLITE SYSTEMS WITH LARGE
TERMINALS AND BROADCASTING-SATELLITE SYSTEMS FOR INDIVIDUAL
RECEPTION

Equipment and Signal Parameters

As observed earlier, this case is of particular interest because
of the large differences between the parameters of the baseline sjs—
tems FL and BI which represent the two services. A complete listing
of these parameters was given in Table 8. A recapitulation of the
ptincipal downlink parameters is given in Table 12, together with the
assumptions regarding downlink antenna pattern envelopes, the band--
widths of the rf channel and of the TV/FM and FDM/FM carriers, the
carrier frequencies, and both the total and the downlink objectives .
rfor thermal noise and interference. .

Note that the interference objective for the broadcasting-satel-.
lite service applies to interference between identiéél, co-channel
signals of the indicated bandwidth with no allowance for interferencg—‘r
masking (g = 1). Also note that, with the indicated selection of ‘
carrier frequencies, each FDM/FM link suffers interference frqﬁ two
TV/FM carrlers whose carrier frequencies are displaced 10 MHz from
that of the:FDM/FM carrier. TFor reasons discussed earlier in this
section, three carrier sizes (GUO, 900, and 1200 channels) are selec-
ted for the FDM/FM links of the fixed-satellite service.

For both services, the CCIR pattern envelopes indicated in Table
12 assumed the use of sidelobe reduction techniques on the satellite
antennas but not on the earth-station antennas., Moreover, for the
ground receiving installations in the broadcasting-satellite service,
the CCIR pattern envelope for community reception was usedlinstead of
the pattern suggested for individual reception. ' This choice was made
because, with a 28.4 dB downlink protection ratio, the 30 dB discrimina-
tion 1imit of the latter pattérn 1s insufficient to permit interference
from more than one other broadcasting éatellite, or from any combina-

tion of fixed and broadcasting satellites.
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Table 12

PARAMETERS FOR CASE 1 BASELINE SYSTEMS

Broadcasting~ | Fixed-Satellite
Satellite System
Quantity Symbol Unit System (BI) {FL)
Satellite Transmitter
Transmitter power P W 166 38
Antenna beamwidth 8o deg 1.7 x 3.3 3.5 x 7
Antenna pattern? - - B-B F
eirp E dBW 58 46
Earth Station Receiver
Receiving antenna
diameter D ft 3 32
Antenna patternbP - - C F
System temperature T °K 500 250
Figure-of-merit G/T dBW/°K 12 35
Signals
Carrier type - - TV /FM FOM/FM
Signal bandwidth W MHz 18 36
Channel spacing - MHz 20 40
Uplink carrier
frequencies - GHz 14,01, 14.03 14.02
Downlink carrier
frequencies ~ GHz 11.71, 11.73 11,72
Message Objectives
5
s C
Total thermal noise (Nw)é NO dB, pWOp 43 5000
ER
Dowu%ing thermal (N ), Ndown dB, pWOp 44 4000
noise W
down
Total interference® Pys I0 dB, pWOp 28.3 1000
. , n
Downlink interference P down® Idown dB, pWOp 28,4 590

23ee Fig. 18 for code.
bSee Fig. 17 for code.

c
The first entry in the symbol and unit columns applies to system BI, the

second entry to System FL.
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Spacings and Capacities for Exclusive Allocations

The satellite spacings, orbit~spectrum utilizations, and total
capacities of the orbit-spectrum resource corresponding to exclusive
use by the baseline systems are displayed in Table 13. The signifi-
cance of the tabulated ﬁalues is illustrated by the following observa-
tions.

If the entire resource were allocated exclusively to fixed-satel-
lite baseline systems with 1200 channel links, for example, a spacing
of 3 deg could be achieved. At this spacing, 26 satellites could be
accommodated and since each satellite has a capacity for 12 40 MHz
ri channels, each carrying 1200 channels, the capacity per satellite
is 14,400 channels and the total capacity of all satellites is
26 x 14,400 = 374,400 simplex telephone channels. This capacity will
be the reference for calculating orbit-spectrum utilization factors for
orbit— and spectrum-division sharing strategies involving 1200 channel
fixed-satellite systems of the type assumed. The orbital configuration
is shown schematically in Fig. 30.

If the resource were allocated to fixed-satellite systems with
900 or 600 channel links, the spacing between satelliteé could be
reduced to 2.0 and 1.1 deg, respectively. However, as noted in the
discussion of sharing tactics in Sec. V and confirmed by the results
shown in Table 13, these reductions are not éccompanied by similarly
dramatic increases in capacity or utilization and, in any casé, require
the use of much larger numbers of satellites. For example, the 29 percent
increase in utilization gained in going from 1200 to 600 channels per
carrier requires the launch of 2.6 times as many satellites,

If the entire orbit-spectrum resource were to be allocated to
broadcasting-satellite systems of ﬁhe type chosen for Case 1, the
minimum orbital spacing of 8.8 deg permits 9 satellites to be accom-
modated in the assumed 75 deg orbital arc. Since each satellite has
a capacity of 500/20 = 25 television channels, the total capacity of
the orbit and spectrum for this kind of satellite broadcasting is
9 x 25 = 225 television channels. This capacity for a 100 percent
- assigmment to the broadecasting-satellite service is used as the re-~

ference for calculating the utilization factors possible in orbit- and
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. Table 13

SATELLITE SPACINGS AND ORBIT-SPECTRUM CAPACITIES

AND UTILIZATIONS FOR EXCLUSIVE OCCUPANCY BY
CASE 1 BASELINE SYSTEMS (see Table 12)

Broadcasting-
Satellite e Fixed-Satellite System
Quantity Symbol Unit Svstem (BI) (FL)

Number of channels

per carrier n - 1 600 900 1200
Modulation index M,m - 1.14 1.94 1.19 0.813
Homogeneous spacing % deg 8.8 1.14 2.0 3.0
Number of

satellites® - - 9 67 38 26
Capacity per

satellite - Channels 25 7,200 7 10,800 ) 14,400
Total capacitya - Channels 225 482,400 ) 410,400 { 374,400
Orbit-spectrum Channels

Utilizationb U Miz deg 0.0060 1z2.9 10.9 10.0

3For 75 deg of orbit and 12 x 36 = 432 Miz of spectrum,

bThe values in this table will differ slightly from those calculated using
Eqs. (121) and (122) because of rounding errors and because they were calcu-
lated using the discrete numbers of satellite shown in the table.

“Note from Table 12 that system Bl assumes the use of the antemma pattern
for community reception rather than for individual reception.
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75 deg of orbital arc visible
above 10 deg elevation angle
from contiguous 48 states

3 deg minimum
\\ orbital spacing

26 fixed satellites

occupying entire
usable arbital arc

Orbital arc (in equa¥
torial plane} at :
synchronous altitude

Earth

4Fig. 30--1200 channel baseline fixed-satellite system for Case 1
with exclusive allocation of orbital arc using
minimum spacing
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spectrum-division strategies with this baseline system. The orbital

configuration is shown schematically in Fig. 31.

Spectrum-Division Strategy

As previously noted, the effectiveness of a sharing strategy can
be displayed by plotting the utilization factor for each service ver-
sus the fraction of the spectrum resource assigned to it. For any
given assignment, the utilization factor is simply the achievable
capacity or orbit-spectrum utilization relative to that for an exclu-
sive allocation. With spectrum division, each service has the entire
orbital arc, so the fraction of the resource allocated to one service
is just the fraction of the total SOO.MHz bandwidth allocated to it.

Since there is no possibility of interservice interference with
a spectrum-sharing strategy, each service can use the same number of
satellites as it would if it enjoyed exclusive occupancy of the re-
source. As a result, the utilization factor for each service will
closely match its share of the frequency band. Since the band is
divided inte discrete channels, the utilization factor for a service
will increase in steps as the percentage of the spectrum assigned to
it increases.

This is illustrated for the broadcasting-satellite service by
the curve ascending to the right in Fig. 32. As expected, the utiliza-
tion factor equals the percent of spectrum assigned whenever that
amount of spectrum is equal to an integral number of channels. A
similar stepwise utilization applies for the fixed-satellite service
regardless of the number of channels per link as shown by the curve
descending to the right, except that the horizontal step size is
double that for the broadcasting-satellite service.

It is evident that, with spectrum sharing, the utilization factor
for either service is equal to or only a few percent less than the
share of the resource assigned to that service. This is frue regard-
less of the relative size of the shares so long as it includes at
least one channel. As a result, the total utilization factor with
Spectrum sharing remains close to 100 percent as shown by the upper curve
in Fig. 32; it attains 100 percent whenever the television and telephone

channels completely occupy the allocated spectrum.
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75 deg of orbital arc visible
above 10 deg elevation angle
within contiguous 48 states

-

8.8 deg minimum
orbital spacing

9 broadcasting satellites
occupying entire orbital arc

Orbital arc (in
equatorial plane}
at synchronous
altitude

Fig. 31--Baseline broadcasting-satellite system for Case 1 with exclugive
allocation of orbital arc using minimum spacing
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- To judge whether the utilization factors obtained through such
spectrum-division are in fact adequate to meet potential demand, it
should be noted that the ordinate in Fig. 32 may also be given in
" terms of the numbers of broadcast-satellite television channels and
fixed-satellite telephone channels. The values illustrated for the
fixed-satellite service on the right-hand scale of the plot are for
1200 channel links. As noted in the figure, these capacities should
be 1increased by 10 ﬁercent and 29 percent for 900 and 600 channel

links, respectively.

The effect of changing the Interference objéctives--for example
by doubling the interference noise permitted in teiephone channels,
or réducing the broadcasting-satellite protection ratios by 6 dB to
© allow for the making of interference effects by noise--may be dis- '
played in a similar fashion.< For any given number of channels, if Io
- i8 increased to k-1000 pWOp, the fixed-satellite capacity scale
should be increased by a factor kO.ﬂ- Similarly, 1f the protection
;atio is reduced 6 dB, the broadcasting-satellite capacity scale
should be increased by 74 percent.

orbit-Division Strategles

With an orbit-division strategy, each service has the entire
spectrum, so that the fraction of the resource assigned to a service
18 equal to the fraction of the orbital arc "oceupied" by the satelF
1lites of that service. This fraction in turn depends on how the two
kinds of satellites afe deployed In orbit. For the baseline sygteﬁs
assumed for Case 1, the fact that the homogeneous spacings for the -
broadcasting satellites are significantly larger than those for the
fixed satellites suggests that clustered deployments like those shown
in Figs. 28c and 28d should be considered. :

To determine the intersatellite spacings that are appropriate
for such deployments, however, it 1s necegsary to make calculations of
the type outlined at the end of Sec, V. For example, in the deploy-
ment of Fig, 28d, it ié hecessary to determine for each of the broad-
'dasting satellites (represented by the circles in the'figure) how far
away the nearest fixed satellite (represented by the dots) must be,
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as well as how far awav the next adjacent broadcasting satellite must
be, so that the ratio of the wanted TV/FM signal power to the aggre-
gate unwvanted signal power wiil not drop below the protection ratio,
Similar calculations must likewise be made for each fixed satellite,

The calculations are complicated by the fact that all of the
spacings are interdependent; thus the spacing that must be maintained
between a broadcasting satellite and the nearest fixed satellite also
depends on the spacing between adjacent fixed satellites, Monetheless,
as explained in Sec. V, approximate solutions may be obtained by first
partitioning the dowmlink protection ratio into components for each
tvpe of interfering satellite, and then estimating the total inter-
ference from satellites of that type in terms of the interference from
the nearest such satellite.

Alternating Deplovment with 1200 Channel Fixed Satellires

(Subcase la). Before summarizing all of the deployments considered

and the results obtained, the computational procedure will he illus-
trated in some detail to derive a particular deplovyment of broadcast-
ing satellites with fixed satellites that carry 1200 telephone channel
links. In this case, the homogeneous spacings for fixed satellites
are 3.0 deg and those for broadcasting satellites are 8.8 dég, as shown
in Tabhle 13. If fixed satellites are to be clustered between adjacent
broadcasting sarellites, the latter will have to be moved apart (com-
pared with their homogeneous spacing) to reduce interference from
broadcasting satellites by an amount equal to the added interference
from the clusters of fixed satellites. It seems reasonable to require
that the increase in spacing hetween adjacent broadcasting satellites
be such that the interference contributions from the two kinds of sat-
ellites in the clustered deplovment are equal. Since the downlink
protection ratio for homogeneous interference to the broadcasting
satellites was 28.4 dB (see Table 12), this corresponds to component
protection ratios of 31.4 dB.

Because the broadcasting links are all alilie and the broadcasting
service areas were assumed not to overlap, the interference sum in
the component equation for interference from other broadcasting satel-

lites is given by the expression on the right side of Eq. (1053),
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provides a utilization factor of &/9 or 67 percent.for a total of 150
television channels ftom lts half of the orbit-spectrum resource,
whereas the fixed-satellite service provides a utilieation factor of
6/26 or 23 percent for a total capacity of 86,400 simplex telephone
channels, from its half. The total utilization factor is, of course,
50 percent. | ‘ &

Thie total utilization factor is not drastically worse than the
93 to 100 percent wvalues characteristic of spectrum division; How- |
ever, the inflexibility of the assignable'shares and the fact that the
broadcasting-satellite service utillzes its share almost three times
as efficiently as the fixed-satellite service (when the heavier demand
is likely to be for the latter service) male alternating deplovment
one of the less interesting orbit-division strategies.

Clustered Deployment with 1200 Channel Fixed Satellites

(Subcase 1b). Although Opg = 11.4 deg was the gpacing between broad-

casting satellites that reduced interference between such satellites
to ene—half of the value at the homogeneous spacing, there ie ne rea-
“son that wider spacings could not be used. In particular, if the
spacing 18 widened to more than the larger of the angles (szT + me)
and (ZQFB + wFF)’ a cluster of two fixed satellites can be inserted
between adjacent broadcasting satellites, This configuratlon, which
will be referred to as Case lb, was also examined parametrically and
by computer simulation; With the condition that the output inter-
ference noise I not exceed 1000 pWOp for the worst fixed-satellite
channels, and that the carrler—to-interference ratie C/X‘will exceed
28.4 4B at broadcasting—satellite service area boundaries, the fol-
lowing values were found to be near optimum in the sense that the
worst channels in both ser#ices were operating at or near their_inter—

ference limits,

2.9 deg

Ppp = 7-2 deg

=2 x 7.2+ 2,9=17.3 deg
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The third condition is important. It sugpests that so long as

the first two conditions are maintained can be made large enough

sy O
to permit clusters consgisting of more thanBEwo fixed satellites to be
placed between adjacent broadcasting satellites., This possibility
permits considerable flexibility in the relative number of satellites
that can be deployed, Although the maximum number of broadcasting
satellites is 5 (sharing the 75 deg orbital segment with either 9 or
10 fixed satellites), smaller numbers of broadcasting satellites can
be deployed with correspondingly larger numbers of fixed satellites
urttil with only one broadecasting satellite, from 23 to 25 fixed satel-
lites (in unequally sized clusters) can share the orbhit., A typilcal
orbit-division deployment of this type is shown schematically in

Fig, 33. .

To compute the fractions of the nominal 75 deg of orbit occupied
under these variations of Subecase 1b, each broadcasting satellite is
considered to occupy an arc equal to ZwBF - Opp = 11.5 deg and each
fixed satellite a 2.9 deg arc except for satellites at the ends of the
arc, which are considered to occupy arcs only half as wide as these,

With the foregoing assumptions, the utilization factors for the
two services were determined as a function of the assigned shares of
the orbit. The result for the broadcasting-satellite service is shown
by the curve ascending to the right in Fig. 34; that for the fixed-
satellite service by the curve descending to the right, The total
utilization is shown by the curve at the top of the figure.

Comparison of the curves for orbit division 4n Fig. 34 with those
for spectrum division in Fig. 32 reveals several important similari-
ties and distinctions. Like the spectrum—division curves, the utiliza-
tion factor proceeds in discrete steps, since both the share of the
orbit occupied by each service and the number of channels provided
by each remains essentially constant so long as the number of each
kind of satellite in the orbit remains the same. A sudden decrease in
occupied orbit with no decrease in the number of satellites or in
utilization factor occurs for the broadcasting-satellite service when
an increase in spacing between broadcasting satellites places this

type of satellite at the ends of the 75 deg arc, A further increase
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Setrting this equal to the reciprocal component protection ratio and
using the assumed sidelobe pattern (C), tﬁe required sbacing ¢%B
between adjacent broadcasting satellites in a clustered deployment
iz found to be 11.4 deg.

For reasons explained in Sec. V, the component equation for find-
ing the spacing Ppp from a broadcasting satellite to the nearest fixed
satellite will have the form of Eq., (118) where, in the present case,
p is the component downlink protection ratio for the interference he-
tween hdmogeneous broadcasting satellites, Q is the sensitivity fac-
tor which adjusts ¢ to apply to interference from the frequency—offset
fixed-satellite interfering signals, and u is an estimate of the ratio
of unwanted signal power from all fixed satellites to that from the
nearest one. As was alsc explained in Sec. V, 'the result of expressing
X/C in Eq. (118) in terms-of system and path parameters is an equation
like Eq. (83) but with Py replaced bv (1 + u) p/Q. Setting‘fhe param-
eters in this equation to their Case 1 values (10 log p = 31.4 dB,

AE = -12 dB, 10 log Q = -1,3 dB, 10 log (1 + u) = 5 dB), and neglect-
ing the path loss and satellite antenna discrimination tetrms, the net
angular discrimination required of the ground receiving antenna of the
broadcasting-satellite system is 25.7 dB. The corresponding geocen-—
tric spacing Oy is 6.8 deg.

Slnce this value of Opp is more than half of Ppps it is apparent
that no cluster of fixed satellites can be placed between adjacent
~ broadcasting satellites without increasing ©gp still further, On the
other hand, 1if the cluster were replaced by a single fixed satellite
(corresponding to the alternating deployment of Fig. 28a), the value of
u could be revised to make 10 log (1 + u? = 3 dB, and the reauired
ground antenna discriminationlwould drop to 23.7.dB, corresponding
to Opp = 5.6 deg, ‘This is slipghtly less than half of Dpp s so from
the point of view of the broadcasting satellites, an alternating
deployment with a spacing of 5.7 deg would be feasible,

It remains to determine vhether such a separaﬁion in an alter-
nating deployment would protect the fixed satellites against‘inter—

ference from both broadcasting satellites and other fixed satellites. -
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Proceeding in the same manner as just explained for broadcasting satel-
lites, and noting that the equivalent sensitivity factors and protec~
tion ratios are given by Eqs. (116) and (117), respectively, the required
spacings turn cut to be Opp = 3.9 deg and Opp = 6.5 deg, Here opp 1s
the minimum permissible spacing between adjacent fixed satellites
required to protect one of them against interference from all the rest,
and g is the minimum spacing between a fixed satellite and the adja-
cent broadcasting satellite that will protect the former against inter-
ference from all of the broadcasting satellites, Since the calculated
value of Ppp exceeds that for Opps the former becomes the minimum
spacing that must be maintained in an alternating deployment of the

two systems,

Extrapolation of a computer simulation of this case for spacings
in the order of 6.5 deg suggests that, if the carrier-to-interference
ratio is to exceed the total protection ratic at the boundaries between
service areas, the minimum spacing would, in fact, have to be inereased
to 7 deg. The same simulation also indicated that an intersatellite
spacing of 5.9 deg would have been sufficient to keep interference in
the worst channel of the fixed satellite links helow 1000 pWOp, How-
ever, it should be noted that in thils computer simulation, the broad-
casting satellites were located on approximately the same longitudes
as the centers of thelr service areas (see Tahle 10), As explained
in Sec. V, the effect of crossed-path operation would have been to
raise the carrier-to-interference ratios to the extent that the smaller
spacings could probably have been used.

The alternating deployment just considered, which will be referred
to as Case la, may be viewed as a special case of a clustered deploy-
ment where the number of satellites in the cluster is one. In such a
deployment, all of the spacings between adjacent Satellites are of
necessity equal and the total number of satellites in each case differs
by one at the most, Thus there is no flexibility for assigning umequal
shares of the orbit to the services; each has a nearly 50 percent share.
At the nominal 7 deg spacing inferred from the computer simulation,
there can be no more than 6 satellites of each kind in a 75 deg sepgment
of the geostationary orbit, Thus, the broadcasting~satellite service
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75 deg of orbital arc visible
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Fig. 33--Typilcal orbit-division strategy for Subcase. 1p
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in spacing then reduces the number of broadcasting satellites, and

- hence their utilization factor, with no change in cccupancy. The
process may be continued in this fashion until only one broadcasting
satellite is left. A similar effect occurs in the fixed-satellite
service as fixed satellites dfop out of the 75 deg arc, except that
the step size is smaller than in the broadcasting case because of the
larger initial number of fixed satellites. '

‘ It is seen that &s with spectrum division, the total utilization
factor 1s nearly 100 percént for all divisions of the orbit between
the services. Unlike spectrum division, the total utilization factor .
deoes change slightly with the assipgned shares, becoming gradually
worse as the share assigned to the broadcasting-satellite service
increases., A more significant difference from a theoretical peint
of view; although it is unlikely to be 0f practica1 importance, is
that there is an upper limit of 67 percent to the share of the orbit
that can be assigned to the broadcasting-satellite service,

Broadcasting Sﬁtellites Clustered at Ends of a Central Cluster
of 1200 Channel Fixéd Satellites (Subcase lc). A special tvpe of

clustered deployment in which all of the fixed satellites are grouped
in the ceﬁter of the shared 75 deg of orbit, and the breadcasting
satellites are clustered at the ends, might offer advantages in orbit-
spectrum utilization over the deployment of a-comparable number of '
gatellites in a configuration of the type considered in Subcase 1b.
To test thils possibility, a sample deployment consisting of a cluster
bf 12 fixed satellites with clusters of 2 broadcasting satellites at
each end was analyzed and the approximate spacings tested and refined
using the computer simulation program, The preférred intersatellite

spacings were found to be

3.1 deg

cf

= 5,6 deg

= 11.4 deg

g
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Using these spacings, the number of fixed satellites in the cen-
tral cluster can be expanded to a maximum of 14, while retaining two
broadcasting satellites at each end of the allowed arc., The orbit
share and utilization factor for the broadcasting-satellite service
in this case are 42 percent and 44.4 percent, respectively. The cor-
responding fixed-satellite percentages are 58.4 percent and 53.8 per-
cent, respectively, The total utilization factor is 98,2 percent.
The deplovyment of Subcase 1lb also permits 4 broadcasting satellites
to share the orbit with 14 fixed satellites, so the utilization fac-
tors and number of channels provided are identical--only the percent-
age occupation is different: 45.9 percent for the broadcasting-satel-
lite service, and 54.1 percent for the fixed-~satellite service.

It is concluded that there is no special advantage to locating
the broadcasting satellites at the end of the arc for the pair of
baseline system and the fixed-satellite carrier size in question.

Other Subcases Consldered (Subcases 1d-141), With the background

provided by the foregoing detailed discussion of Subcases la-lc, a
summary description should suffice for the remaining subcases that
were investigated for sharing between the baseline systems of Case 1.

The configurations and preferred intersatellite spacings derived
by a combination of parametric analysis and computer simulation for
the six other subcases considered are shown in Table 14 together with
a recapitulation of the results for Subcases la-lc, The deployments
of 1d and le are similar to those of lb and lc, respectively; the
principal difference in the subcases being that the fixed-satellite
links carry 900 channels, rather than 1200, and the intersatellite
spacings are correspondingly smaller. Deployments 1f and lg ave hoth
cluster deployments featuring groups of from 6 to 12 600 channel fixed
satellites between adjacent broadcasting satellites. In particular,
deployment 1lg was intended to serve as a reference against which to
compare the results of Subcases lh and 11,

These last two subcases were intended to test the extent to which
orbit-spectrum utilization could be enhanced by means of sidelobe
reduction techniques applied to the earth-station antennas of hoth

fixed-satellite and broadcasting-satellite systems. Although the
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Table 14

ORBIT~-DIVISION SATELtITE DEPLOYMENTS AND COMPATIBLE
INTERSATELLITE SPACINGS FOR CASE 1 BASELINE SYSTEMS

Compatihle Intersatellite
Spacings (deg)
a ,
Subcase Satellite Deployment Cpp Ppp Ppp
la «+©® .0, 0.0, 14.0 7.0 14.0
1b ce 0 4e 0 .i O 44 O .. 2.9 7.2 >17.3
lc 0 0 viverseersnasses OO 3.1 5.6 11.4
1d O v0oss O 4eas 0 44es O 1,56 5.2 > 16,4
le O O tvaaninasenssses GO 2.04 5.2 11.1
lf V -cf-o-nn--pom...o-ol---clon--- 1.18 5.2 = 16.4
lg sreroer Oeansnpnunie Ovrrramrares Ovusrsvanses O ravrver 1.18 5,7 > 16.4
Same as 1lg but with 25 dB side-

ih 1 ‘lobe reduction on earth-station 1.05 3.8 > 16.4
antennas . '

‘ Same as 1g but with 40 dB side-

141 lobe reduction én earth-station 0.8 2.4 13.4
antenrias ' '

#Fixed-satellite links ‘carry 1200 channels in Subcases la-lc,
900 channels in 1d and le, and 600 channels in 1f-11,

CCIR has not adopted earth-station pattern anvelbpes incorporating
sidelobe.reduction, the CCIR patterns for broadcasting—saéellite
antennas serve nicely for this purpose. Thus, Case 1lh assﬁmed satel-
lite patterﬁ B-B (see Fig. 18) to represent the effect of "normal”
sidelobe reduction techniques on the angular discrimination of éarth—
station antennas, and Case 11 adopted pattern B-C to represent the
limit of the current state of the art in such techmiques.

 The results of the farious gubcases may be inferred from an inspec-
tion of the intersatellite spacing columns. Thus, reducing the number
of fixed-satellite channels from 1200 to 900 permitted reductions in
spacing fﬁr the orbit-division deplojments comparable to those cbserved
with excluslon occupancy or spectrum—division sharing; A further

reduction from 900 to 600 channels had a similar effect, although
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neither reduction in carrier size produced dramatic increases in
orbit-spectrum capacity, and the utilization factors were affected
very little. Probably the biggest improvement beth in orbit-spectrum
utilization and in utilization factors were observed with Subcases

1h and 1i.

Figure 35 is presented as an illustration of the urilization and
capacities that could be achieved at the assumed 40 dB "1limit" of
sidelobe control (or with 25 dB of "normal" sidelobe control and an
augmented interference objective of 2000 pWOp). Two features stand
out in this subcase. First, the limit to the fraction of the orbit
that can be assigned to broadcasting satellites has been reduced to
32 percent by the minimum spacing constraint in that service. But
this feature is ameliorated and overshadowed by the second feature
whieh is that the utilization factor for the broadcasting-satellite
service significantly exceeds the fraction of the orbit assigned to
it., Moreover, there is no corresponding penalty in the utilization
factor of the fixed-satellite service. Specifically the broadcasting-
satellite utilization factor 1s more than double that possible for the
same share of the allocation with spectrum division, while the utiliza-
tion by the fixed-satellite service 1s only a few percent less than
with spectrum division,

This important result is reflected by the total utilizatiom which,
as shown in Fig, 35, can be as high as 135 percent. The conclusion is
that, for sharing between fixed-gatellite and broadcasting-satellite
systems similar to those considered and where the demands for broad-
casting channels can be met by less than a 32 percent share of the
orbit-spectrum resource, orbit sharing is clearly preferable to spec-

trum sharing.

Sensitivity of Results to Various Sharing Tactics

All of the strategies Just evaluated for sharing the orbit-sgpectrum
resource between Case 1 baseline systems assumed that the links within
a given service were co-channel and co-polarized. In most of the sub-—
cases, the 1000 pWhp CCIR objective for interference to a telephone

channel was adopted for the fixed-satellite service and no allowance
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was made for the masliing effects of noise in the case of the broad-
casting-satellite service. 8Standard CCIR antenna pattern envelopes
were used, and crossed-path geometry (see Sec. V) was not assumed
for the broadcasting satellites,

On the other hand, the effect of varying the modulation index
of the fixed-satellite 1links was investipated explicitly for all strat-
egies and the conclusions in Sec, V regarding the impact of this
sharing tactic were verified. The effects of changing interference
ocbjectives, antenna patterns, and path geometry were also evaluated
for specific strategies. Again the results were in accord with the
general analyses of Sec. V.

It remains to evaluate the impact of the various forms of frew
quency and polarization coordination discussed in Sec. V and dia-
grammed in Fig. 25. For this purpose, clustered satellite deployments
similar to Subcase 1f were modeled using cross-polarization on the
links to adjacent satellites, either by 1tself as described schemat-
ically in Fig. 25b, or in conjuction with frequency interleaving as
in Fig. 25e. 1In both cases, the "worst-case'" cross-polarized antenna
patterns (10 dB sidelobe discrimination) were agsumed, but care was
taken to ensure that not only dissimilar adjacent satellites but
adjacent satellites of the same kind were cross polarized even when
separated by a cluster of unlike satellites (this implies clusters
containing an even number of satellites).

The results were uneguivocal. The computer simulations show that
cross-polarized operation In all cases permitted intersatellite spacings
to be reduced by at least half. And, when combined with frequency
interleaving, the number of transponders and hence the capacity of each
satellite could be doubled, with no penalty of increased interference.
The evaluation was limited to single-carrier-per-transponder links,

It is expected that cross~polarized operation would be equally as
effective with multiple carrier operation, but the applicability of
frequency interleaving to this type of operation remains to be inves-

tigated,



-177-

CASE 2: SHARING BETWEEN FIXED-SATELLITE SYSTEMS WITH LARGE TERMINALS
AND BROADCASTING-~SATELLITE SYSTEMS FOR COMMUNITY RECEPTION

System Descriptions and Spectrum-Division ﬁesults

' A summary listing of the principal parameters, messape objectives,
and frequency plans assumed for this case is given in Table 15. As

in Case 1, carrier sizes of 600, 900, and 1200 channels were selected
for use on the fixed-satellite links, and the analysis began with a
determination of the spacings and capacities for exclusive occupancy
of the orbif—spectrum resource by each of the baseline systems, The
values for these quantities are displayed in Table 16.

Comparing the broadcasting-satellite svstem capacities in the two
cagses, it will be noted that the higher modulation index and larger
earth-station antenna assumed for the community reception system
enable it to have a homogeneous capacity over three times greater
than that of the individual-reception system of Case 1, despite a 6 dB
deficit in eirp. The principal cause of this higher orbit-spectrum
utilization is the greater angular discrimination and hence smaller
satellite separations permitted by the community—feception antenna,

Comparing the homogeneous spacing'for the broadcasting sateliites
with those for the fixed satellites, it should be observed that the |
former is significantlv smaller than the latter for 1200 channels and
about 10 percent smaller for 900 channels. It is only for 600 chan-
nel fixed satellites that the popular no;ion thar broadcasting-satel-
lite spacings are larger than those for fixed satellites is borne out.
Even here, the broadcasting-satellite spacing is only 37 percent
_greéter.

A plet of the single service and total utilization factors for a .
gpectrum-division strategy with the Case 2 baseline svstems would look
very much like Fig, 32 for Case 1, with two exceptions. First, the
"gtep~size" for the broadcasting~satellite utilization factor curve
would be 13 percent larger because of the wider bandwidth assumed for
tha community-reception TV/IM signal, Second, the television capacity
scale at tﬁe right side of the graph would have to be renumbered to

make 756 channels correspond to a utilization factor of 100 pefcent.
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Table 15

PARAMETERS FOR CASE 2 BASELINE SYSTEMS

Broadcasting~ Fixed-Satellite
Satellite System
Quantity Symbol Unit System (BC) (FL)
Satellite Transmitter
Transmitter power P W 40 38
Antenna beamwidth 8, deg 1.7 x 3.3 3.5 x 7
Antenna pattern? - - B~B F
elrp E dBW 52 46
Earth Station Receiver
Receiving antenna .
" diameter D ft 12 32
Antenna pattern - - C F
System temperature T °K 500 250
Figure~of-merit G/T dBW/°K 24 35
Signals
Carrier type - MHz ™/ M FDM/FM
Signal bandwidth W MHz 23 36
Channel spacing - MHz 26.7 40
Uplink carrier
frequencies - GHz 14,013, 14.040 14,02
Downlink carrier
Frequencies - GHz 11,713, 11.740 11.72
Message Objectives
c S |
Total thermal noise —E-, N dB, pWop 49 5000
N o ¢
w/o
s
Downlink thermal - dB, pWop 50 4000
. ¢ N down
noise W
: down
Total int;erferenceC Py Io dB, pWOp 24,7 1000
f c
Dovnlink interference pdown’ Idown dB, pWOp 26.0 590

%5ee Fig. 18 for code.
bSee Fig. 17 for code.

“The first entry in the symbol and unit columns applles to svstem BC, the second

entry to System FL,
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Table 16

CASE 2 BASELINE SYSTEMS (see Table 15)

Broadcasting~
Satellite Fixed-Satellite System
Quantity Symbol Unit System (BC) (FL)

Number of channels

per carrier n ~- 1 600 900 1200
Modulation index M,m - 1,74 1.94 1.19 .813
Homogeneous spacing P, deg 1.8 1.14 2,0 3.0
Number of

satellites® - - 42 67 38 26
Capacity per _ . :

satellited - Channels 18 7,200 10,800 | . 14,400
Total capacity? = {Chanmels 756 482,400 | 410,400 | 374,400
Orbit-spectrum Channels ‘ -

utilizationb u MHz deg 0.020 12.9 10.9 10.0

qror 75 deg of orbit and 12 x 36 =

bThe values in this table will differ slightly from those calculated using
Eqs. (121) and (122) because of rounding errors and because they were calculated
using the discrete numbers of satellite shown in the table, :

432 MHz of spectrum.
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However, the utilization factors for each service would still bhe
approximately equal to the share of the spectrum assigned to that
service and there would be no intrinsic restrictions on the size of
the share that could be assigned to either service. Also, as with
the Case 1 systems, the effect of changing the number of channels on
the fixed-satellite links could be accounted for by gcale factors--

the same factors that are shown in Fig. 32,

Orbit-Division Strategies

Orbit-division strategies for Case 2 were analvzed in the same
manner as for Case 1. That 1s, approximate values of Iintersatellite
spacings were first derived using the method described in Sec, V
and illustrated in connection with Subcases la and 1b. Then, com-
puter simulation was used where necessary to refine the approximate
values. There are two principal differences from Case 1 to be taken
into account in postulating orbital deployments, and in calculating
compatible intersatellite spacings. The first is the previously
noted fact that the homogeneous broadcasting-satellite spacings can
be, and in two out of three of the subcases are, smaller than those
of the fixed satellites. Second, the frequency plan is somevhat dif-
ferent, with three broadcasting channels occupying the same bandwidth
as two of the fixed-satellite channels.

The three deployments analvzed for sharing with 1200 channel
fixed-satellites were verified using the computer program, Thev are
diagrammed and the resultant intersatellite spacings given in Table
17. Referring to this table, the first thing to note is the fact
that the spacings required between like satellites are generally
smaller than those required between unlike satellites, a property
that was true only for the fixed-satellite service in Case 1, In
particular, the fact that the spacing ©gn is always less than Dpp
suggests that a clustered deplovment like that shown for Subcase 2a
is not a "natural" configuration and not likely to be an efficient
one.

Basically, the reason is that, because of their lower protection

ratios and higher eirps, the broadcasting-satellite links are quite
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Table 17

ORBIT-DIVISION SATELLITE DEPLOYMENTS AND COMPATIELE SPACINGS
FOR. SHARING BETWEEM CASE 2 BASELINE SYRTEMS
(see Table 15)

Compatible Intersatellite
Spacings (deg)

Subcase Satellite Deplovment Dpyp Py vpg
2a e TR o DR o PRPRIY o 2.8 3.0 > 2.4
26 G etesaDO00.e.san 2.9 4.0 2.1
2¢ DO0useveseoreassOO 3.0 4,0 1.9

insensitive to interference from fixed-satellite links. By the same
token, the links to the fixed satellites are quite vulnerable; the
largér value of - reflects the angular protection they require. In
a configuration like Subcase 2a, the broadcasting satellites are much
- too far apart to interfere with each other, and the spacings needed
to pfotect fixed satellites from them make interference from that
source negligible as well, The result is that carrier-to-interference
ratfios In the broadcasting-satellite service areas will typically
exceed the protection ratios by 12 dB or more, This situation reflects
itself clearly in the utilization factor curves for this case shown
in Fig. 36. Although the fixed-satellite utilization factor is
slightly higher than the percentage of the orbit assigned to it, the
broadcasting-satellite utilizatiop is significantly less than its
share of the orbit., As a result, the total utilization factor becomes
progressively worse as the fraction of the orbit aséigned to the broad-
casting-satellite service increases. At the 50 percent point the
cluster deployment becomes an alternating deployment and the utiliza-
tion factor is down to BO percent. '

Subcases 2b and 2c represent different forms of cluster deploy~
ment in which the satellites of both services are clustered and the
number of interfaces between clusters is reduced to two. An inspec-

tion of the intersatellite:spacings shown in Table 17 suggeats that
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for the same number of satellites of each kind, these two st;ategies
will yield virtually identical perfofmance. Indeed, it is likely
that the small differences between corresponding spacings computed
in the two subcases are more a reflection of the different path'geom—
etries involved in providing service to the same assumed earth-
station locations;with different satellite locations than of any.
intrinsic difference between the efficiencies of the strategies.
Comparing the spacings of Table 17 with the homogeneous spacings of
Table 16 it is evident that total utilization will be close to 100
percent in both subcases. .

~ No éeparate investigation of the sensitivity of the Caée 2 strat-
egies to the use of other sharing tacties was mada because there is
no reason to belileéeve that the effects would be materially dlfferent

from those described in connection with Case 1.

CASE 3: SHARING BETWEEN FIXED-SATELLITE SYSTEMS WITH SMALL TERMINALS
AN} BROADCASTING-SATELLITE SYSTEMS FOR COMMUNITY RECEPTION

At this point, the general principles of anaiyzing sharing étrat—‘
egies should_bé fairly evident so that less detailed descriptions of
the subcases and discussions of fesults will suffice, For example,
the systews may be described by referring to Table 15 and merely
noting that the broadcasting-satellite system for Case 3 is identical.
to the one described there and the fixed-satellite system differs from
"its Case 2 counterpart only in the diameter of the earth-station antenna
(16 rather than 32 ft), and the assoclated figure—of—merit (29 ratﬁer
than 35 dBW/°K). Likewise, the homogeneous spacings, capacities, and
utilizations can be shown in the same table with the satellite deplo&-
ment diagrams and intersatellite spacing results, as has been done in
Table 18, A

From a comparison of the intersatellite spaéings; it would appear
A that both deployments‘Ba and 3c offer excellent orbit~spectrum utiliza-
tlon with total utilization factors in the order of 105 percent, .The
deployment of Subcase 3b is the least efficlent for some of the same
reasons that made a cluster deployment of this type less than opfimum ‘

with the systems of Case 2, Thus, the broadcasting satellites exhibit
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Table 18

RESULTS FOR EXCLUSIVE OCCUPANCY AND ORBIT-DIVISION
FOR CASE 3 BASELINE SYSTEMS

a, Spacings, Capacities, and Utilizations for Exclusive Occupancy
Broadcasting-
Satellite Fizxed-Satellite
Quantity Symbol Unit System (BC) System (FS)

Number of channels

per carrier n - 1 600
Modulation index M,m - 1.74 1.94
Homogeneous spacing @, deg 1.8 2.0
No. of satellites - - 42 38
Capacity per

satellite - Channels 18 7200
Total capacity - Channels 756 273,600
Orbit-spectrum Channels

utilization v Miz deg 0.020 7.3

b, Orbit-Pivision Satellite Deployments and Spacings

Compatible Intersatellite
Spacings (deg)

Subcase Satellite Deployment Opr | ©pp ©pp
Ja +0,0,0,0,0.0, 3.6 1.8 3.6
3b CiveeseObavnseCiansssO 2.2 2.4 | = 1.0
3C oo...liiﬂioo 2.0 2-0 1.9

unnecessarily high carrier-to-interference ratios because they are too
far apart to interfere with each other, but cannot be brought closer
to the fixed satellites without causing excessive interference to
them. All things considered, deployment 3c would appear the best com-
promise between utilization and flexibility. An equally efficient
strategy, not tested for Case 3, would centralize the broadcasting-

satellite cluster as in the deployment of Subcase 2b.
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Application of the various sharing tactics discussed in Sec, V
should provide the same scaling factors for enhancing orbit-spectrum
utilization as indicated in that section and verified in the analysis

of Case 1.
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VII. CONCLUSIONS AND RECOMMENDATINNS

GENERAL CONCLUSIONS

Feasibility of Interservice Sharing

The most general conclusion to be drawn from this study is that
the band from 11.7 GHz to 12.2 GHz can in fact be shared effectively
by broadcasting-satellite and fixed-satellite systems, That is, with
proper coordination in the positioning of satellites, in the arrange-
ment of rf channels, and in the polarization of antennas, the utiliza-
tion of the orbit and spectrum can equal or exceed that possible with
an exclusive allocation to one or the other service,

This conclusion can be stated more precisely in terms of the con-
" cept of orbit-spectrum "utilization factor.'" The utilization factor
for a service that shares the orbit-spectrum resource is defined as
the ratio of the capacity that systems in the service can provide when
using an assigned share of the resource to the capacity they could
provide if given exclusive use of the entire resource. The total or
joint utilization factor, defined as the sum of the utilization factors
for the individual services, then provides an unambigucus, dimension-
less, figure-of-merit for expressing the effectiveness of a sharing
strategy, The higher the total utilization factor, the more effective
the strategy, In these terms, the basic conclusion is that, for any
specified combination of systems representing the two services and for
any assigned division of the orbit-spectrum resource between them, a
sharing strategy can be found that permits the total utilization factor
to approach or even to exceed 100 percent, |

The choice of a preferred strategy depends eritically on the sig-
nal and equipment parameters of the systems in the twe services and
on the relative size of the orbit-spectrum shares assigned to them.
The system parameters depend, in turn, on the nature, diversity, and
absolute magnitudes of the communication needs in each service, since
these determine the kinds and numbers of systems that must be bullt

and hence the degree of intersystem inhomdgeneities that must be
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accommodated by the éharing strategy and the intensity with which the
orbit~spectrum resource must be utilized. The relative size of the
assigned shares will presumably be determined by the relative magni-

tudes of the service needs.

Preferred Type of Strategy

A comparison of the two fundamental categories of sharing strat-
egies, spectrum division and orbit division, leads to the following =
conclusions. A spectrum-division strategy, in which each ‘service can
occuby the entire visible orhbital arc but‘isléssigned only a part of
the 500 MHz frequency band, has éeVerai'usefﬁl features, It imposes
no restrictions on the relative size of the share of the orbit-spec-
trum resource assigned to each service aﬁd, fegardless of the nature
of the systeﬁs in the services or thelr lack of homogeneity; the utili-
zation factor for each service will be very nearly equal to the size
of the assigned share. That is, felatiﬁe to the capacity it could
provide with an exclusive allocation, each service can provide a capac-
ity about equal to the fraction of.the resource assigned to it. As a
result, the total utilization factor with spectrum sharing is alvays
close to (but cannot exceed) 100 percent, ' | - _.

Spectrum sharing also imposes a serious constraint, Since each
satellite can use only a fraction of the total spectrum, a larger
:number of satellites are required to provide a given total communica-
tion capacity. This would not be a serious restriction if the cast of
a satéllite, including launch, was diféctly proportional to its communi-
cation capacity. But this ig far from the case in practice, and the
need fpr additional satellites and for the adaitional earth-station
capability that might be required to work with them, must be counted

as a major liability for spectrum division. ‘
4 An orbit-division strategy on the other hand, permits all satel- .
1ites to use the entire spectral band but restricts their freedom of
-orbital location. Particular care must he exercised in the choice of
locations for the different satellites and in the angular separations

maintained between adjacent satellites. With the aid of methods for
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' calculating spacings like those developed in Sec, V and applied to
representative mixzes of systems in Sec. VI, an effective orbit-~sharing
strategy can always be found. That is to say, an orbital deployment
for the satellites of the two services can be found which yields a
total utilization factor approaching or even exceeding 100 percent.
The latter possibility simply reflects the fact that orbit-sharing
can permit one service to have a utilization factor significantly
higher than its assigned share of the orbhit while that of the other
service remains about equal to its assigned share. Such a situation
usually involves an upper limit on the fractlion of the orbit that can
be assigned to the servicé with ‘the high utilization faector, but this
is not a serious restriction precisely hecause the utilization factor
is high--i.e,, the service is already delivering a significant frac-
tion of the capacity it could provide with an exclusive allocation,
The careful interservice coordination of satellite positions
required by an orbit-division sharing strategy cannct be discounted
in comparing it with a spectrum—-division strategy. In point of fact,
though, the problem differs only in degree from the intraservice coor-
dination of satellite positions intrinsic to both kinds of strategies,
Considering that orbit-division offers comparable or, in some cases,
superior orbit-spectrum utilization, with fewer economic and opera-
tional penalties and not substantially more difficult system coordina-
tion problems, it 1s concluded that a properly chosen orbit-division
sharing strategy is to be preferred over a spgctrum—division strategy.
Guidelines for choosing a particular orbit-sharing strategy to match
specified types of systems and total service requirements will be

discussed later in this section.

Sharing Among Kations

The orbit-spectrum resource is to be shared not only between ser-
vices but also among the domestic systems of all of the nations in ITU
Region 2 (the Americas). The problem of international sharing is made
tractable by the large totral communication capacity available at 12 GHz,
the interference-reducing effect of the spot-beam satellite antennas

implied by the restriction to domestic systems, and the fact that the
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usable segments of peostationary orbit are spread over a wide range in
longitude. It is tentatively concluded that, except for Canada, the
probable demands of other Region 2 countries for fixed- and broadcast-
ing-satellite systems can be met without special coordination with U.S.
systems by using segments of the orbital arc not usable by the United
States and Canada. However, as in the case of domestic fixed-satellite
systems in the 4 GHz band, U.S. sharing'strategies for the 12 GHz band
should be chosen in close consultation with Canadian regulatory agen-

cies,

SATELLITE DEPLOYMENTS AND CAPACITIES FOR BASIC ORBIT-DIVISION STRATEGIES

The most fundamental propertv of an orbit-division strategy is the
satellite deployment plan that it emplbys, including the intersatellite
spacings that must be maintained. The sharing tactics embodied in the
strategy, like frequency-interleaving and crossed-polarized operation,
normally serve only to reduce all of the required spacings by the same
factor. While this increases the total available communication capac-
ity and so enhances the orbit-spectrum utilization, it has little effect
on the utilization factor, In this sense, the selection of the pre-
ferred orbit-division strategy reduces to an idenfification of the pre-
ferred.orbital deployment,

The choice of satellite depldyment depends in turn very strongly
on the parameters of the systems which are to share the orbit and on
the characteristics of the signals they carry. Considerable insight
inte this dependence can be gained from a consideration of the pre-
ferred deployments for representative combinations of systems repre-

senting the two services.

The Basic Strategyv in a Family of Orbit-Division Strategies

The specific conclusions about preferred deplovments that follow
are based on the cases analyzed in Sec. VI. The intersatellite spacings
and orbit-gpectrum capacities to be cited assume an orbit-division strat-
egy in which satellite péths are not crosséd, all the links in a given
service are both co-polarized and co-channel, the interference objec-

tive for telephone channels iz 1000 pWOp and the protection ratio for
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television channels does not allow for interference maslking by noise.
These assumptions define the 'basic strategy" in the family of orbit-
division strategies that have the same preferred satellite deployment
{(as determined by the assumed mix of baseline systems) but employ dif-

ferent combinations of sharing tactics.

Fixed-'Satellite Systems and Individual-Reception Broadcasting~Satellite
Systems

Consider first the case of sharing between fixed-satellite systems

using 46 dBW satellites with 32 ft earth stations and broadcasting-
satellite systems using 58 dBW satellites with 3 ft receiving antennas
for individual reception. The preferred orbit-division stratepy em
plovs a clustered deployment in which at least two fixed satellites are
placed between adjacent broadcasting satellites. This strategv yields
about 220,000 telephone channels and 100 telévision channels when 47
percent of the resource is assigned to the broadcasting-satellite ser-
vice. For a 20 percent assignment, the service capacities are about
300,000 telephone channels and 5N TV channels,

These numbers assume that the fixed satelliteé are used for 1200
channel links., The spacing of about 3 deg between adjacent fixed
satellites will permit these satellites to be operated with any smaller
number of channels either on a single- or multiple-carrier-per-trans—
ponder basis, but the total capacity with such operation will be
reduced in proportion. For example, with multiple carriers, the capac~-
ity of a transponder will be in the order of 600 to 700 telephone chan-
nels rather than 1200 to 1500 channels. If carrier levels and modula-
tion indices are chesen for minimum-power operation as described in
Sec., VI, Interference will not be objectionable with any combination
of carrier sizes or frequency plans.

If the maximum capacity of the fixed-satellite links is reduced
to 900 channels, the cluster-deployment becomes even more effective
and the spacings between fixed satellites in a cluster can be reduced
to about 2 deg with an increase of about 12 percent in the total chan-
nel capacity available from such satellites., Compatible multiple-

carrier-per-transponder operation will still be guaranteed with
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properly chosen carrier parameters, and the aggregate capacity for
such operation will still be in the order of 600 to 700 channels per
transponder.
A further reduction in the maximum size of fixed-satellite car-

riers té 600 channels permits still further spacing reductions and
capacity increases, but now the sizes, power levels, and frequencies
‘of carfiers in multicarrier operation have to be very carefully coﬁ—
trolled to achieve interference compatibility. The preferred cluster
strategy yvields sligﬁtly higher utilization factors and total capaci-
ties, but fixed-satellite links with capacities greater than 600 cHan;‘
" nels cannot be operated at the reduced spacings. ‘

| ~Satellite deployments in which broadcasting satellites are them-
selvés clustered at the ends of the visible orbital arec with all fixed
satellites in a central cluster'were found to be less effective than
the deployments just described for all fixed-satellite link capacities
below 1200 channels. At 1200 channels, the utilization factors were

nearly equal for the two deployments.

Fixed-S5atellite Systems and Communitv-Reception Broadcasting-Satellite
Systems ’

If the individual-receptien, broadcasting-satellite systems in
the preceding case are replaced by ones designed for community recep-
tion using 52 dBW satellites with 12 ft receiving antennas, then clus-
tgring the fixed satellites between adjacent broadcasting satellites
is no longer the most effective way to share the orhit. For example,
with 1200 channel links and clugtered satellites, fixed-satellite
syétems would require a 60 percent‘share of the orbit to offer the
same capacity as before (220,000 channels), and although the broad-
casting~satellite capacity from the remaining 40 percent of the orbit
would be doubled to 200 television channels, the total utilization
factpr'would only be 80 percent.

The effect of reducing the number of channelsfon the fixed-satel-
lite systems in this case would be to decrease the spacings and increase
the capacity of those systems In about the same proportions as bhefore,

with attendant improvements in the utilization factor, However, the
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preferred orbit-division strategy is ome in which satellites of both
types are clustered. A utilization factor of nearlv 100 percent can
be achieved by grouping all satellites of one kind together and mini-
mizing the number of interfaces between dissimilar satellites. Sym-
metrical deployments of this type Include grouping either the hroad-
casting satellites or fixed satellites in a central cluster with half
of the satellites of the other service clustered at each end of the

visible orbital segment,

Fixed-Satellite Systems with Small Terminals and Communitv-Reception
Broadcasting-Satellite Systems

When the community-reception system just considered shares the
orbit with a fixed-satellite system emploving a 46 dBW satellite with
16 ft earth stations, the smaller earth-station figure-of-merit reduces
the maximum link capacity to 600 channels. The spacings vequired be-
tween dissimilar satellites become very nearly equal to those required
between similar satellites (about 2 deg}.

The satellite deployment for the preferred orbit-division strategy
is the game as in the preceding case, although here, an alternating
deployment (one in which alternate satellites are of the same kind)
also vields a utilization factor of nearly 100 percent. 1In all of the
preferred deployments for this case, the utilization factor for each
service is closely equal to its assigned share of the orbit. The capac-
ities for exclusive occupancy are 274,000 simplex telephone channels
for the fixed-satellite service and 756 television channels for the
broadcasting-satellite service. Thus, the fixed-satellite service
would require a 73 percent share of the orbit to yield 200,000 channels,
in which case the 27 percent hroadcasting-satellite share would vield

204 channels.

Arbitrary Combinations of Systems

Several generalizations may be ventured on the basis of the fore-
going results, When the inhomogeneities between different systems are
large, the satellite deployment for the preferred orbit-division strat-

egy features clusters of the satellites having the smaller homegeneous
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spacing between adjacent pairs of the satellites with the larger homo-
geneous spacing., When there is moderate inhomogeneity,‘the preferred
deployment will put_each tvpe of satellite in a separafe cluster,
minimizing the number of interfaces hetween dissimilar satellites.
When the systems are essentially homogeneous, satellites mayv be equally
spaced in any sequence at their common homogeneous spacing. In judging
the degree of inhomogeneity, it should be noted that not oﬁly satellite
“eirp and earth-station diameter but also the iInterference objectives
and signal parameters 1like modulation index must be considered. In
choosing the spacing betueen similar satellites in a cluster, however,
values‘nearly equal to the homogeneous spacing can normally be used.
The same principles far choosing intersatellite spacings applv to

systems within a single service when that service involves systems with
dissimilar characteristics-~for example, the broadcésting—satellite
service with systems for both community reception and individual recep-
tion. Moreover, in such cases, the principles can be applied inde-
pendently in different parts of the orbit by virtue of the fact that
most of the interference to a given satellite link coﬁes from the links
of the nearest satellites that Operate'on the same rf channel and with
the same polarization. {

| It is seen that in all of the base cases just described, a total
capacity of at least 200,000 simplex telephone channels is availahle
from the fixed-satellite service using the preferred satellite deploy-
ment and an appropriate share of the orhit. For these orbital divi-
sions, at‘least 100 channels were available from the broadcasting ser-
vice when used for individual reception and at least 200 channels when
used for community reception. Although optimum satellité deployments
have not heen derived and checked by computer simulation, it seems
reasonable to éonclude from the foregoing results that comparahle total
capacities could be provided by each service when all four of the base-

line systems are deployed.

SHARING TACTICS

It has been noted that the effect of augmenting a basic sharing

strategy through the addition of tactics such as cross-polarization,



-194~

carrier-frequency offsets, and crossed paths {see Sec. V), is usually
to permit reductions in intersatellite spacings and corresponding
increases 1n system capacities relative to those just cited for the
basic orbit~division strategies. The magnitude of these effects will
now be summarized.

If alternate polarization is used on all adjacent satellites in
the deployment, spacings can be cut in half and the total capacities
doubled. For example, the approximate 2 deg spacing between adjacent
fixed satellites when used either for 900 channel links between 132 ft
earth stations, or for 600 channel links between 16 ft earth stations,
could be reduced to 1 deg. If carrier-frequency interleaving is used
in addition to cross~polarization, the spacings remain the same but the
capacity of each satellite will be doubled and the total capacity com-
pared with the base case quadrupled.

Since there is little likelihood of interference from terrestrial
systems in the 11.7 to 12.2 GHz band in the United States, the inter-
ference objective for fixed-satellite links could be doubled to 2000
pWOp with an accompanying 24 percent decrease in spacing and increase
in capacity for this service. 1If the protection ratio for individual
reception is lowered by 6 dB to account for the masking of interference
by noise at the assumed 43 dB output signal-to-weighted noise level,
spacings between broadcasting satellites could be reduced and the num-
ber of channels for that service would be more than doubled.

If the positions of broadcasting satellites with overlapping ser-
vice areas are arranged to yield crossed-path operation as described in
Sec. V, the spacings of those satellites can be reduced by about 30
percent with a corresponding inerease in total channel capacity. It
should be noted, however, that with this tactic, it is not usually
possible to locate all satellites to the west of their respective ser-
vice areas in order to postpone eclipse periods until after local mid-
night,

Finally, the use of sidelobe reduction techniques on earth-station
antennas can yield further spacing reductions and capacity increases
if the sidelobe suppression is greater than the single entry protec-

tion ratio for interference from adjacent satellites, after proper
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allowance has been made for differences in eirp, frequency offset, and
satellite antenna directivity. In a computer simulation involving
fixed satellites with 32 ft antennas and individual broadcastinpg satel-

lites with 3 ft antennas, the change was about 30 percent.

SUGGESTIONS FOR FUTURE WORK

| Although the methods and conclusions developed in this gtudy pro-
vide a sound technical apprcach to draving up speciflc plans for sharing
the orbit-spectrum resource between 12 GHz domeqtlc fixed- qatelllte and
broadcasting-satellite systems, it is considered premature to prepare
such plans at this time. A detailed sharing plan should he based on
better knowledge than is currently available in a number of areas.
The folluwing technical and economic studies and analyses are suggested
as prerequisiteq for putting the conclusions of the present study on a
more secure footing and extending its methods to a broader raﬁge of

possible system designs so that detailed sharing plang can be prepared.

1. ;As described in Sec. IV, new or iﬁproved euhjective measure-.
ments of interference pfotection ratios are needed both for combinations
of the FDM/FM and TV/PM signals considered there and for interference
between these signals and the d1g1tally modulated telephone and tple—
vision carriers likely to bhe used on future systems. The TV/TM signals
should specifically inelude those using bandwidths narrower than the
Carson’s-rule bandwidth, ‘

2, New 12 GHz propagation data and a more careful extrapnlaﬁion
of existing data on rain attenuation for higher frequencies are needed
to be sure that the assumed fading allowances are neither too large nor
too small,

3. Better data are needed on the overall ﬁolarization'discrimina—
tion that might he achieved on interference paths involving the sidelobe
reglons of practical antennas.

4. A measurement program should be undertaken to determine the
sidelobe performance actually achievable with antennas designed for
individuél reception to see if, and under what conditions, the present

CCIR pattern envelope for this type of reception can be replaced by
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one wvhich would yield better orblt-spectrum utilization. Particular
attention should be paid to the effects of inexpensive techniques for
sidelobe reduction,

5. A joint study program between CCIR Study Groups 4 and 11
should be initiated with the object of redueing the profusion of dif-
ferent sidelobe envelope patterns (see Figs. 17 and 18) recommended
by the CCIR for interference calculations. The present differences in
such patterns can lead to conclusions regarding satellite spacing
requirements for the two services that have no basis in engineering
realiry,

6. A study should be undertaken teo determine the optimum band-
widths for the carriers of broadcasting~satellite and fixed-satellite
systems with the object of aligning frequency plans in the twe services
0 as to minimize interservice interference., Such a studv would include
an examination of noise and interference objectives for television recep-
tion in the broadcasting-satellite service and for telephone and tele-
vision transmission in the fixed-satellite service. The former would
take into account the protection ratio measurement programs descrihed
in ltem 1, and the latter would consider the desirability of doubling
the interference objective in regions where no terrestrial interfer-
ence 1s expected. The studv would also take account of hetter data on
fading margins from the study suggested under Item 2, and should take
a more careful look at the rules suggested in Sec, VI for choosing the
sizes and power levels of FOM/TFM carriers in the fixed-satellite ser-
vice,

7. A market analvsis of the growth in potential future demand for
12 GHz systems in both the fixed-satellite and the broadcasting-satel-
lite services is needed to determine how to divide the usable orbit
between these services and how intensely this portion of the orbit and
spectrum resource will have to be utilized in the future.

8. The 12 Gllz sharing study should be extended to assess the
impact of new technological developments such as digital encoding and
transmission of television, the use of adaptive array antennas for
nulling out principal sources of interference, and other means for

controlling both the shape of the main heam and the sidelobe levels,
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The extension should include the relevant parametric analyses and
modification of the computer program so that it may be used to verify
the interference compatibility of sharing confipurations appropriate
to digital signals and shaped satellite antenna beams. The feasibil-
ity of a single general orbit-division strategyv, applicable in stages
to systems of hoth services as the need for more intense sharing in-
creases, should be investipated.

9. The 12 GHz sharing study should alse be extended to tale an
explicit look at sharing with other countries within ITU Region 2 and
particularly those administrations who are actively planning system
developments in this band. A primarv object of this study would be
to provide a firm technical basis for formulating a U.S5. position for
the 1977 ITU planning conference. Thus the study would also have to
include consideration of possible sharing problems with the systems in
ITU Regions 1 and 3,

10, A detailed orbit-spectrum sharing study should he carried
out for the 25(M) to 2690 MHz band which features not only sharing he-
tween fixed-satellite and broadcasting-sateilite systems, but terres-
trial systems as well., Only slight modifications to the computer
simulation program-would have to be made to adapt it for application

to this frequency band.
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Appendix

A COMPUTER PROGRAM FOR SATELLITE LINK INTERFERENCE PREDICTIONS

INTRODUCTION

When a number nf eomnunication systems nave to share the same fre-
quency band, mutual interference is inevitable, and careful system
planning and coordination are requlred to keep the interference levels
to acceptably low values,. Parametr1c analysis of 1deallzed system
models can provide useful guidelines for preliminary system planning
and for the selection of promising sharing strategies. However, for
an accurate evaluation of a particular strategy as it might be applied
to a mix of real systems, one must calculate the expected interference
levels on a represenrative number of communication links using detailed
system models. The calculations in question are quite straightforward
but extremely tedious, especially when the number of links to be exam-
1ned is large.

The reason for this is apparent from the equation expressing
total interference on a link. If the number of links sharing a glvenl
rf channel ié'N the interference level for the ith link is propor—
tional to the weighted sum of the reciprocal carrier- to interference

ratios C, /X
. i771j

]

N c, Lo c, v! -
Z X + 5—("—) . s, 1 =1, 2.,.N
j=1 -13 ] 13 /4 _

up own-—

where Qij is the welghting factor and the sun is carried out over both
the uplinks and downlinks of -all N-1 interfering llnks. The tedium-
arises not only because of the lerge number of terms. to be computed
[2N(N-1)] but because each term involves the computation of many sub-

sidiary quantities. Thus the weighting factor Qij depends on a number

* !
See Sec, IV for a detailed treatment of this problem.

PRECEDING PAGE BLANK NOT FULMED|
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of parameters of both the carrier and the interfering signal, and the
carrier—to-interference ratios Cilxij depend on a number of equipment
and geometrical parameters of the wanted and unwanted systems.

To facilitate system planning and the evaluation of sharing strate-
gies for the fized-satellite and broadcasting-satellite services, Rand
has developed a comprehensive new computer program for predicting inter-
ference levels. The general features of this program, a complete pro-
gram listing, and a detalled description of its routines are given in

the sections that follow.

GENERAL FEATURES

Performance

The program consists of one main routine and three subroutines
recorded on about 650 IBM cards--less than half of a standard IBM box.
(A complete listing is given at the end of this Appendix,) Despite its
modest size, the program can easily handle quite large numbers of sys-
tems. Moreover, it does so with a comparatively small requirement for
core storage. TFor example, to compute the interference among 120 links
involving 50satellites and 35 earth stations required only 86 kilobytes
of core, The program is also reasonably fast; nine separate cases
(different satellite configurations and/or system parameters) of the
size just mentioned required about 72 seconds of machine time or about
8 seconds per case.

The program is written in Fortran IV, and, since it does not use
a name-list or other esoteric options, it can be run on virtually any
machine that reads this programming language. Construction of the
program follows a "bread-and-butter' approach so that no special sophis~
tication on the part of the programmer is required to modify the equa-
tions it incorporates or to extend it to include new options.

All input data are entered via punched cards uéing three standard
Fortran formats, The required number of input data cards equals the
number of links to be examined plus about 20, Total turnaround time
for an entirely new problem from start of keypunching to delivery of

printout typically runs about three hours.

s A L BT AR P
L I - S S I LI )
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Inputs
Complete lists of all program inputs will be given in the next

section. Basically these inputs provide a detailed description of each
of the fixed- and broadcasting-satellite systems and of the communica-
tions links that they provide. The system descriptions include the
locations of all spéce stations and earth stations, and the points at
which the transmitting and receiving antennas at these stations are
pointed. For each station, the description includes the transmitter
power, the dimensions, efficiency, and co- and cross-polarized envelopes
of the transmitting and receiving antennas, and the receiving system
noise temperatures. The description of each link includes the identity
of the satellite and two earth stations involved, the uplink and down-
link carrier frequencies, rf bandwidth, and the number and type of

message channels.

Qutputs

The normal or summary printout includes a detailed description of
the system parameters and link geometry and a link-by-link breakdown
of noise and interference levels, including the uplink and downlink
contributions as well as the total. For fixed-satellite systems, the
interference is expressed directly in picowatts ét a point of zero
relative level. For broadcasting satellites, the carrier—-to-interference
ratio is tabulated after weighting by the sensitivity factor Q. An
example of a summary printout of system characteristics is given in
Table A-la. An example of a summary printout of noise and interference
levels is given in Table A-1b. '

If a more detailed look at the interference contributions is
desired for diagnostic analysis--e.g., to determine the source of
unusually high interference entries--a link-by-link listing of all
2N(N-1) interference entries can be commanded. In this printout, the
individual interference contributions for each link are tabulated in
the sequence that rhe links have been numbered. 1In addition te the
individual contributions, the tabulation includes a description of the
link geometry, the wanted signal poweﬁ Qi, Ehe unwanted signal power

X the RIC or the sensitivitfiE;%%

E‘Qij,'tﬁé;antenna gain product
SRE R N LY

ij’
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Table A~la

EXAMPLE OF SUMMARY PRINTOUTS:
A, SYSTEM DESCRIPTION

hi2hiTh CASE 2B L2%,1CH,27MH2 BSC ¥S 32%,12000 H,50MHZ FSH; 3AT SEP=23,2.5,4.8

GuS.D{A, SAT.DIA,1 SAT.0TA.2 FREQUENCY BANMDWIDTH EFFICIENCY POMER # CHANNELS TEMPERATURE POL. G-PAT-

10

11

12

13

14

15

16

17

18

1%

ur 32.000 l. %40 0.720 14.020 36.000 0. 550 1000, 1200. 1200. [ k)
DOWN 32.000 1.720 0,860 11.720 36,000 0,500 &0, 1200. 250, 1 3
ue 32.000 L%k 0.720 14.020 34,000 2.550 1000, 1200. 1200. 0 k)
DOKN 32.000 L.720 0860 1l.720 36,000 2.500 0. 1200. 250, 1 3
ue 32.000 1.440 0.720 14.020 36. 00 0.550 1000, 1200, 1200, Q 3
DOWN 32.000 1.720 0. 860 11.720 364 000 0.500 0. 1200. 250, 1 3
up 32,000 1a440 0.7120 14.020 36.000 0a 550 1000, 1200. 1200, 0 3
DDOWN 32.000 1.720 0. 860 11.720 3b. 000 0.500 *0. 1200, 250, 1 3
ur 32.000 1440 0.720 14.020 36,000 0.550 10040, 1200, 1200, Q 3
DOWN 32.000 1.T20 0.08580 i1.720 36,000 0.500 %0, 1200. 2504 1 3
up az.000 Le%40 0.720 14,020 36,000 0.550 1000, 1200. 1200, L 3
DOwWN 32.000 L.T20 0.860 L1.720 36,000 G.500 &0. 1200, 250. 1 3
up 32,000 L.540Q 0,720 14,020 36,000 0,550 1200, 1200, 1200, bt 3
DONN 32.000 1.720 0. 860 11.129 36, 000 0. 500 &0, 1200. 250. 1 3
ur 32.000 L.440 0.T720 14,020 3b, 000 0. 550 noo, 1200. 1200. 0 3
DOWN 32.000 1.720 0. 860 11,720 Ab. D00 0,500 &40, 1200. 250, 1 3
up 32.000 Ls %40 0. 720 14,020 36,000 0.550 1000, 1200, 1200. 0 k]
DOWN 32,000 t.720 0. 860 11.720 216,000 0.500 40, 1200, 250, 1 3
up 32.000 Lo @40 0. 720 14.020 36. 000 0.550 1000, 12004 1200, 0 3
DOwN 32.000 1.720 0,860 11.729 36,000 0.500 40, 1200. 250. 1 k)
[P 12.000 La%40 0.T20 144020 14,000 0.550 10040, 1200, 1200. Q 2
OaWN 32.000 1.720 0.860 11.720 36.000 0.500 40, 12004 250, t k|
ue 32.000 1.440 Q.720 14,020 36.000 0. 550 o0, 1200. 1200, o 3
DOuN 32,000 1.720 0. 560 11.720 6,000 0,500 40, 1200. 250, 1 3
up 16,000 L.440 0. 720 14.012 23,000 0.550 1000. 1. 1200, o 3
DOWN 12,000 2.330 0.0 11,713 23.000 0. 500 40, la 300. 1 1
Up 16.000 L.440 0.120 14040 23. 000 0.550 1040, 1. 1200. 0 3
DOWN i2.000 20330 0.0 11.740 23,000 0. 500 40, 1. 500, 1 1
up 16,000 1,440 0,120 14,013 23,000 045549 1000, 1. 1200, 0 3
DOuN 12.000 2.330 o, 11L.113 23,7000 0.500 40, 1. 300, 1 1
ur 16.000 1.440 d.7120 14,040 23.000 0550 1000, 1. 1200, o 3
DOWN 12.000 2.330 0.0 LisTed 23,000 0.500 40, L. 500. i 1
ue 16,000 Le4a$ 0.720 14.012 23,000 0.550 1200, 1. 1200. 3
DOWN 12.000 24330 0.0 11.713 23,000 0,500 40, 1. 500. 1
U 16.000 led4Q 0.720 L4040 23,000 0,550 1030. 1 1200, 0 3
DONWN 12.000 24330 0.0 11.740 23,000 0.500 %0. 1. 500, 1 1
up 16.000 L. 440 0. 720 14,013 23.000 0.550 1000, La 12004 Q 3
DDwN 12,000 2.330 0.0 11.712 23.000 G.500 &0. L. 500. 1 1

ORIGINAL PAGE I8
OF POOR QUALITY



L] * WM e

L T R

~203-

Table A-1b

- EXAMPLE OF SUMMARY PRINTOUTS:
B. CARRIER-TO-NOISE RATIOS, INTERFERENCE

LEVELS AND CARRIER-TO-INTERFERENCE RATIOS

4/726/Th CASE 2B L12%,1CHy2TMHZ B5C VS 32¢,1200CH,408HI FSHI SAT SEPs3,2.5,4.8

WANTED LINK UP-LINK  UP-LIRK DOWN-L INK  DOWN-L [NK
INTERFERENCE cIn I NTERFERENCE /N INTERFERENCE

NY TD LA 194.5 T334 283.7 2645 %78,3
NY TO CHI 139.0 33,1 “61aT 28.1 500, 7
KY T3 ATL 364.9 . 33,1 402,9 27.8 867.8
NY TO OAL 387.7 - 33,1 50046 '28,0 886.3
LA TD NY 334.8 33.6 567.6 25,9 902,13
LA TD CHI 253.7 33.6 11,5 28,1 665.2
LA TD ATL 278.5 33,6 3105.0 2T.% 579.5
LA TO O0AL 445.0 33,4 ‘ 5694 28,2 9 L4.4
CHL TO  N¥ , 269.4 35.5 845, 4 26.6 B34.8
CHI TO  ATL 320.0 35.% 507,1 274 837.7
CHI TO DAL 316.1 35,5 456.3 28.2 771a5
CHI TG ta " tao.s 5.5 255.5 26.8 4362
MY TO LINE 13.2 .7 43,1 19,9 32,17
NY TO ABl 33.2 .7 37.2 24,8 31,7
NY TO 15 - 332 . IS SN 41.7 18.8 - 3246
NY TO 1NM 33,2 .7 26,2 7.7 25.4
NY YO 1M 33,2 3M.¥ . 29,2 22.5 ) 21,7
NY TO 15W 3.2 31,7 10,0 2.4 o 28.3
NY TO iNE 33.3 3L.7 4606 . 19.9 13,1
NY TO ABL 33,3 3l.7 e Z6.8 3.9
NY T@ 15 33,3 .7 4.7 18.4 33,0
NY TO LNM 33,3 - 31.7 26.3 171 25.5
NY TO 1w 33.3 a7 2%.1 22.5 27.8
NY TO 1%5w 33,3 3.7 30.2 21,4 . 28,4
CHI YO 2NE 30.8 31.5 20.1 19,6 21,8
CHY TO 2€ 30.8 3l.5 29.0 2244 26.8
CHI TO 25E 30.8 31.5 21.3 19.9 25.T
CHI TA ABZ 30.8 3L.5 14.2 24,8 29.2
CHE TO  2Nw 30.8 1.5 2.3 18.4 25.1
cHl 1O 2w 36.8 3.5 29.0 22.7 2648
CHI TO  25u . 30,8 T 29.2 . - 20.0 26.9
CHI TO 2NE 30.9 . 31l 30.3 19.6 27.5
CHE TO 2¢ 30.9 31,5 2%.1 2204 25,9
CHL TO 25€ 30.9 3l.5 2.4 19.9 25,8
CHI TQ  AB2 30.% 31.5 3444 2449 29,3
CHI TG 2ZNW 30.9 31.5 ‘ 2744 18.4 25,8
CHI TD 2w 0.9 31.5 . 29.1 ©22.7 26.9
CHI TO 25w 30,9 31.5 29.3 20.0 27.0
DENV TO 3HE 3l.3 3.8 28.9 ©19.2 2649
OENY TO 3€ 3.3 31.8 29.1 22.8 211

ORIGINAL PAGE B |
OF POOR, QUALITH,

TOTAL

Taratc

CriN
25,7
26.9
26,7
269
25.2
2T. 0

2645

21,1

26,1
26.8
27.%
26.3

19,6
24,0

‘it

17.5
22.0
21.1 -

19.6
25,90
1B.6
17.5
22.0
F4A TR

19.3

21.9
19.6
24,0
18.2
271
19.7

19.3
21.9
19.¢
24,0
1B. 2
22.1
19.7

19.0
22.3%
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along the interference path, and the values of carrier-to-noise ratio
C/N. A small sample of the diagnostic type of printout for a fixed-
satellite link is given in Table A-2a; the corresponding printout for

a broadcasting-satellite link in Table A-2b.

Scope and Options

Although other signal types can be added, the program is presently
limited to analog signals. Telephone channels must use frequency divi-
sion multiplex (FDM) and frequency modulation (FM), and television
channels must alse employ FM. FDM/FM basebands must include 12 or more
channels and employ rms modulation indices in the order of unity or
larger.

Parabolic antennas are assumed hut satellite antennas may be either
elliptical or circular in cross section. The long dimensions of the
footprint of an elliptical satellite antenna can be oriented in any
desired direction. The direction is specified by the antenna aim point
and a second point called the footprint point, or a default direction
E~W through the aim point. Any of the several antenna sidelobe envelope
patterns suggested by the CCIR for interference calculations in aither
service may be specified for any antenna.

Antenna pointing errors, amounting to 0.1 deg for satellites and
0.1 of the half-power beamwlidth for earth stations, are included in
all link calculations in such a way as to diminish wanted signals and
enhance unwanted signals.

When polarized antennas are used to reduce interference on adja-~
cent satellites and frequencies, the antenna gain products on inter-
fering links are calculated without neglecting either of the two com-~
ponent terms. The cross-~polarized pattern of an antenna is obtained
by subtracting the polarization discrimination pattern from the assumed
co-polarized pattern. Two polarization discrimination patterns are
included; others can be added at will.

With broadcasting-satellite systems, performance must be satis-
factory throughout the entire service area. Accordingly, the program
includes the capability of sampling‘the carrier-to-noigse and carrier-
to-interference ratio at several locations as specified by the user for

each satellite,
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Table A-2Za

EXAMPLE OF DETAILED "DIAGNOSTIC" PRINTOUT:
A. INDIVIDUAL INTERFERENCE CONTRIBUTIONS ON AN FDM/FM LINK

DOWN-LIMK # 6, CHI, AT #1.90 =8T.60 FAOM SATELLITE AT ~389.45
DOWMN-~LINK: I = 4L1.5 PHOP: C/MN = 2841 D8, L= -100.9 DBW, X/R SUN = ~T4.8 ObW
tOTlL I = 6465,2 PMOP, TDTAL C/N = 2T.0 DB

**“‘ilt*‘littttttltltttttt.t*ﬁ‘#ttttli".‘ttl#’tt&*ﬁ.i#iti..‘t""‘lt‘."tli&ﬁt“tttltt*ittttt'i‘t'

I 1 = 0,33 PWOP, X = -155, 861 DPW, RYL = 2T.26 DB, GAIN PROD) = 21.%5 DB
It 2) = 0.49 PWOP, X = —154.54 DBW, RTL = 27.26 DB, GAIN PROD,. = 22,53 N8
I 31 = 0,65 PWOP, X = ~153.35 DBW, RTL = 27.26 0By, GAIN PRODA = 23,72 D8
It 41 = 0,89 PHOP, X = —152. 01 DBW, RTC = 2T.26 DB, GAIN PRODs = 25.06 DB
I 5) = 1.23 PWOP, X = =150.56 DBW, RTC = 27256 DB,y GAIN PRAOD. = 26.22 DB
I{ 6) = 1.84 PWOP, X = ~148,83 DBW, RTL = 2t.26 0P, GAIN PROD. = 2T.96 DB
EC 8j » 140.88 PWOP, X = —129.9% D8W, RTL = 27.26 OB, GAIN PROD. = %6,80 DB
I 9) = 37,95 PHOP,y X = =135. 48 DBW, RTL = 27.26 DB, GAIN PRDD, = %1.28 DB
1410} = 13,80 PWOP, N = =-140,08 DBwW, RTL = 27.26 DB, GAIN PRODw = 36.88 DB
T(11) = be75 PHOP, X = -143,18 DBwW, RT = 21.26 DB, GAIN PRUODs = 33.7TT D&
12y = 3,88 PRGP, X = =145.59 DBWy RTL = 2Te26 0By GAIN PROD, = 31.37 OB
1613) = A.30 PWOP, X = ~145,09 DA3W, RTL = 28,45 0P, GAIN PROD. = 3l.98 0B
T{i%) = 0.35 PHQOP, X = ~145.09 DBMW, RTC = 3p.21 0By GAIN PROD. = 31.98 DB
15 = 8,32 PWOP, X = -141,08 DBW, RTC = 28.%5 0OA, GALN PROD, = 35.488 DB
116} = 0.88 PWOP, X = —-141.08 DBN, RTC = 38.21 PPy GAIN PROD. » 35.88 D8
1CLTY = 18,15 PWaF,; X = =137.69 DBuW, RTC = 20. 46 DBy GAIN PROD. = 39.17 D8
1{18) = 1L.92 PWOP, X = -137. 69 DBW, RTL = 38,21 OB, GAIN PROD, = 39.17 De
1H19) = 33.31 PWOP, X = ~135.05 DBw, RTL = 28.46 08, GLIN PROD. = 4#1.T73 DB
[{20) = 3.53 PWOP, X = =13%5,05 DRW, RTC = 38.21 DB, GAIN PROD, = 41.73 OB
UP-LINKC # T, GROUND AT LA 34410 ~118,30 TO SATELLITE AT -106.55

UP-1 ThK: 1= 278.5 PNOP, C/N = 33,5 DBy C = -88,7T DBW, X/R SUM = ~&4.3 DBM
[ R Y B.57 PROPy X = ~1685.85 DAW, RV = 27.26 DB, GAIN PROMT. = 22,36 DB
1 2y = 0«72 PWHOP, X = — 165,83 DBAW, RTC = 27.26 DBy GAIN PROD, = 23.38 DB
M 3 = 0.93 PWOP, X = “164,5% DBW, ATL = - 2126 DB,y GAIN PROD, = 24,51 08
1t &) = 1.25 PNOPy X = =163.40 DBW, RTC = 21.26 08, GAIN PROD, = 25,79 DB
11 5) = 1.7T6 PWOP, X = -161,93 DBW, RY] = 21.26 DBy GAIN PADD, = 2t1.26 DB
10 6} = 2.61 PWOP, X = -160.21 DBW, RTL = 27226 DB, GAIN PROD. = 28,99 DB
1t 8} = 199,18 PWOP, X = =141.38 DBW,; RYL = 21.26 0By GAIN PROD, = AT Fh NG
1t 91 = 35.02 PHOP, X = ~148.93 DBW, RTC = 2T.26 DBs GALN PROD, « 40.42 08
1110) = 12.7T1 PWOP, X = =153,33 DBW, RYC = 2l.26 DB, GAIN PROD, = 35.06 OB
1111} = 6,21 PWOP, X = ~156.4% DBW,y RTC = 27.26 DBe GAIN PROD, = 32.98 06
12y = C3.5T7 PWOP, X = ~158,86 DBW, /RTC = 27.26 OBy GAIN PROD, = 310.61 O
1613} = 17418 PWOP, X = ~150,83 DBWy RTL = 28,45 DB, GAIN PROD, = 38.3% 0B
1i14) = L.82 PROP, X = ~150.82 DBW, RT( = 38,21 OBe GAIN PROD. = 3d.38 DB
1115} = 14,83 PWOP, X = =151l.4T DBW, RTL = 28446 DB, GAIN PROD, = 37.76 08
Iti6r = 1.57 PWOP, X = =151.47 DOBW, RTC = 38,21 DBy GAIN PROD, = 37.75 08
1017y = Gu24 PHOPy X = ~169.31 DAW, RTC = 28.46 OBy GAIN PROD, *= 19.93 DB
{18} = 0.03 PWOP, X = ~169.31 0BwW, RTC = 38,21 DR, GAIN PROID, = 19.93 DB
(19 = 0.7T0 PWOP, K = ~164.T5 DBW, RTC = Z8.46 08, GATIN PROD, = 24,51 DB
1120} = 0.07 PWOP, X = ~164. 75 DBW, RIL = 38,21 DB, GALIN PROD, = 24.51 DA

OOWN=LINK ¥ 7, ATL, AT 33,70 -—H84.40 FROM SATELLITE AT -10&.5%

OOWN—LINKZ | ] 301.0 POP, C/N = 27.% DBy C = —101.6 DBW, X/R SUM" = ~Té.8 DAW

TOTAL I = 579« 5 PWDP, TOTAL C/N = 26.5 DB

it‘.‘..tt‘l‘t.i*ttt*t.‘llt*tlll‘!*i****t'*."‘t‘l‘.ttttt-.ttﬂtttltﬁﬁtlltlttt‘tt.l.t.ttt‘t.‘tttt*t..#

iy = - 0,31 PNDP, X = =156+ 47 DBW, RTC = 21.25 OBy, GAIN PRON, = 20.64 DB

ORIGINAL PAGE I3
OF POOR QUALITY,
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Table A-2b

EXAMPLE OF DETAILED "DIAGNOSTIC" PRINTOUT:
B. INDIVIDUAL INTERFERENCE CONTRIBUTIONS ON A TV/FM LINK

EEER IR SRR RRE TR AR RS R E SN ER SN SRR RS AN RN SRR kPR kR kR R R AR EARENEEIES RS SR BAF KRS SRR CU T NI DR

QCsx{ L) = 64472 DBy X = —=151.25 DRW, Q = 6413 DBy GAIN PROD, = 25.72 DB
QL 2) = 63.14 DA, X = ~149.67 DBW,y Q = &.13 DB,y GAIN PROD, = 27.30 DB
QC/Xl 3) = 6l.30 DBy X = —147.8% DBW, 4 = &.13 DAy GALIN PROD, = 2. 14 DB
QU/X( 4) = 59.08 DRy, X = ~145.61 DBN, Q = 6«13 08, GAIN PROD, = 31.36 DA
QC/xt 5t = 57.61 08, X = 144,13 OBWy Q = &ul3 08, GAIN PROD, = 32,71 DA
QC/XNL b)) = 53.89 DB, X = ~140.41 OAMW, QO = 6,13 08y GAIN PROD. = 36.%3 DA
QCIXE T) = 57419 08, X = ~143.72 DBW, Q = 6413 DR, GAIN PROD. » 33.13 o8B
QC/XL 8) = 60,10 DB, X = +148,63 DPFW, Q = 6413 DBy GAIN PROD. = 30.21 D8
QC/X[ 9) = 59,58 DB, X = =145,11 DBW, @ = 6+13 DR, GAIN PROD. = 30,79 D8
QC/xi 101 = &labs DB, X = ~14T7,99 DBW, Q = 6413 08, GAIN PROD, = 28.92 ©B
QC/X(1) = 63.05 DBy X = 143,58 DBw, Q = &+13 DBy GAIN PROD, = 27.33 DB
QL/x 12y = bh.43 DB, XA = ~1%0.96 DRW, Q = S«13 DBy GAIN PROD, = 25,94 DB
QC/X(13}) = 3%.65 DB, X = ~127.3) DPW, Q = 0.0 DBy GAIN PROD. = %#9.,645 DB
QCIX(14) = L34,65 DB, X = =127.3]1 DAW, Q = 100,00 8y GAIN PROD, = 49.66 DB
QC/xt1s) = 99.85 DB, X = ~92.51 DBMW, Q = 100,00 DBy GAIN PROD. = 84,39 DB
QC/XE1TE = 33.67 DA, X = -126.32 OBW, Q = 0.0 DAy GAIN PROD, = 50,54 D8
QC/x{ 1831 = 133.67 DB, X = -126.32 DBW, Q = 100,00 DBs GAIN PROD, = 50.54 DB
QX191 = 43.69 DB, X = =1386.35 DOBW, § = 0.0 DBy GAIN PROD. = 40.50 08
AL /%L 200 « 143.69 DB, X = =136,35 DBW, Q = 100,00 DRy GAIN PROD. = 40.50 DB
UP-LINK ¥ 15, GROUNMD AT CHI 41.90 -8BT.60 YO SATELLITE AT —~@6.75

UP-LENK: QC/X = 30.8 DBy C/N = 31.5 D8, { = ~92.T DBM, X/0 SuM = =-123.5 DBw
ac/x{ 1) = 58.05 DA, X = ~1560,35 DBW, Q = 6o 13 DBy GAIN PROD, = 29.12 08
QC/x§ 2) = 58,02 DB, X = =160.,32 DBWs Q = 6,'13 DBy GAIN PROD, = 29.1% DB
qQrsal 3) = 57.96 DBy, X = ~160,24 DRW, Q = 6.13 DB, GAIN PROD, = 29.19 DB
QC/X{ %) = 55,71 DRy, X = =158,0] DBW, Q = 6,13 DA, GAIN PROD, = 3l1.%3 DB
QUIX{ §5) = 52,89 DBy A = ~=155.19 DB, Q = 6a13 DB, GAIN PROD,. = 34.26 DB
QLR &) = 49.09 DRy XN = ~151.39 DBW, Q = 6.13 DB, GAIN PROD, = 38.05 08
QC/xt M) = 52,09 DRy X = ~154.38 DBW, O = 64,13 DB, GAIN PROD, = a%5.,12 08
gc/xt 4) = 54.97 DBy X = -157.27 DBA, Q = &.13 08, GAIN PROD, = 32.26 DB
QC/sxt 91 = 7423 DRy X = —-1%59.53 DBW, Q = 6o 13 DB, GAIN PROD, = 0,02 OB
QC/XLI0E = 57,646 DR, X = =159.96 DBW., Q = 4,13 DB, GAIN PRDD, = 29.62 DB
Qr/x{11) = S57.67 0By X = —159.,97 DBW, Q = 6,13 DA, GAlN PROD, = 29.6% DB
QC/Xi12) = 57.68 DR, X = -159,98 DBW, @ = 6,13 DB, GAIN PROD, = 29.46 DB
Qlsx(13) = 30.36 DBy X = —138.78 DRW. = 2.0 DB, GAIN PROD, = S0.47 DB
QC/Xl 14} = 130.36 DRy X = ~-138,78 DBwW, U = 100,00 DB, GAIN PROD, = S0.47 DA
QAL 18) = 9B.32 ORy X = —-L06,75 DAW, © = 100,00 DB, GAIN PRDD, = 82,71 0B
Qtsx1IT) = %8.62 DRy X = -157,05 DBW, & = .9 PB, GAIN PRDD, = 32.42 0B
Qisxile) = 148.62 DRy X = ~157,05 Dhw, D = 100,00 P8, GAIN PROD, = 32,42 A
QLrXILg) = 5t.32 DB, X = -165,75 DRAW, Q = 0.0 N3, GAIN PROD, = 23.7T4 DA
RL/AXIZ20) = 157,322 DR, X = ~165.75 DBW, Q = 100,00 DBy GAIN PRCOD, = 23.74 DB

OOWN-LINK & 15, 2ZNE, AT 47,50 =R&.50 FPOM SATYELLITF AT =96,75

DOWN~LTNK: QC/X = 0.1 DR, C/h = 19,6 DB, € = -~108,4 DAW, X/Q 5UM = -138.5 DBwW

TOTAL C/X = 2T7.4 DA, TOTAL Cs/N & 9.3 DB

QC/xi 1) = 60.10 DB, X = ~159.56 DBWy Q = 6.13 DB, GAIN PROD, + 29.71 D8
QC/X( 2} = 60,12 DB, X = ~159.58 DY, Q = 6.13 DB, GAIN PROD. = 29. 68 DA
QC/XLt 3) = 60,13 DR, X = =159.,60 ORW, Q = 6.13 DBy GAIN PAND, = 2%.65 DB
QC/XE &) = 58417 DA, X = ~15%.63 DBW, C = 6.13 DB, GAIN PADD. = 31.61 OR
QCsEt 5) = 55.40 DB, X = =154.86 DBW, Q = 6. L3 DB, GALN PROND. = 34,38 DR
QC/X{ &) = Sl.66 DR, X = =150.12 DBW, Q = 6.13 0By, GAIN PRDD, = 3a.12 DA
RC/Xl 7) = 54.91 OBy X = ~154,37 DANW, @ = 6.3 0B, GAlN PROD, = 34,95 DA
RO/ A) = 57.81 DA, X = ~157,28 NBW, Q = 6.,/13 NB, GAIN PROD, = 32,07 DA
RC/XE 9) = 60.10 NB, X = ~159.56 DBw, Q = €.13 DRy GAIN PRAD, = 29.81 DA
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DETAILED DESCRIPTION

The program consists of a main routine and three subroutines that
will be described separately with the aid of the internal statement
numbers printed along the left-hand margin-of the program listing. (A
complete listing of the program is given at the end of this Appeﬁdik;)
The equations used in the program are indicated by citing their ideﬁtiw

fying numbers as assigned in the text of the report. -

Main Routine

The inputs to the MAIN routine are identlfled in Table A-3. As
noted previously, the input data constitute a detailed description of
the systems, their geographical deployment, the links they provide, and
the signals carried on these links. ‘

For each link of the fixed-satellite systEms,Athe MAIN routine’
then .computes and prints the output interference 14 the worst telephone
channel in pWOp. This is done by summing the individual contributions
entering the upiink and downlink of the link, using values of the
receiver transfer constant computed by subroutine "RTC," the effective
diameter of elliptical satellite antennas computed by subroutine ‘
"ELLPS," and the antenna gain products computed by subroutine "GAIN:"

Similarly, for each link of the broadcasting-satellite systems, the
MAIN routine computes and prints the effective carrier—to-interfeféﬁce
ratio at'thé’input to the receivers at the selected repeiving sites.
The details of the coﬁputation are given in the following étep—by—étep
description. ' _

Referring to the listing at the end of the Appendix;Aintérnal‘l
statements (IS) 1—3‘give the dimenéions of the input and derived par—
ameters listed in Table A-3. The indicated dimensions of 52 satellites,
15 earth stations and satellite antenna aim points, and 120 links and
sublinks are purely arbitrary and can be increased to much higher values
if desired.

1S 5-11 define frequently needed constants and conversion factors.

1S 15-91 read the input data on link characteristics (see Table
A-3) and store them in the various arrays. In particular, IS 26-58
apply to the fixed-satellite links, and 1S 60-91 accommodate the broad-
casting satellite links and sublinks.
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Table A-3

INPUTS TC MAIN PROGRAM

Dimensions of problem

NLNK
NS
NFIX
MG
NGRCV =

number of links

number of satellites

number of satellites for fixed-satellite service
number of ground gtations

‘total number of 3;bund‘£pgeixing locations to be sampled on

broadcasting-satellite downlinks

Locations of terminals (north latitude and east longitude are positive)

RS(I) =
ELG(I) =

RG(1)
NAM(I)

CHR(I)
FTPTL
FTPTR

FPL(I)
FPR(I)

0

1

longitude (deg) of Ith satellite, I =1, ..., NS

latitude (deg) of Ith ground station or aim point, I =1, ..., MG
longitude (deg)of Ith ground station or aim point, I = 1, ..., MG
name of city associated with Ith fixed-satellite ground

station, 1 = 1, ..., MG

code name of locations sampled on broadcasting-satellite
downlinks 1 <€ I < NLNK

latitude (deg) of footprint orientation point for elliptical

fixed-satellite antenmnas
longitude (deg) of footprint orientation point for elliptical
fixed-satellite antennas ‘

Same as FTPTL but for broadcasting satellites g
Same as FTPTR but for broadcasting satellites, 7

(NFIX+1), ...,NS
(NFIX+1), ...,NS

Description of link I, 1 = I = NLNK

FG(I)
FS(I)

PWU (1)

PUD(I)

WRFU(I)
WRFD(I)
UNO(I)

DNO(I)

DGT(I)

DGR(1)

ETAG(I)
DST(I)

DSR(T)

ETAS(I)
ELPT(I)
ELPR(I)
TUT

| it

[

4

ot o

n it u

o

carrier frequency (GHz) of ground transmitter (uplink fre-
quenciesy

carrier frequency (GHz) of satellite transmitter (downlink
frequencies)

power (dBW) of uwplink

power (dBW) of downlink

uplink rf signal bandwidth

dovnlink rf signal bandwidth

uplink number of voice channels

downlink number of voice channels

diameter (ft) of ground transmitting antenna

diameter (ft) of ground receiving antenna (ft)

efficiency of ground antennas

diameter (ft) of satellite transmitting antenna® (ft)
diameter (ft) of satellite receiving antenna? (ft)
efficiency of satellite antennas b
minor axis (ft) of elliptical satellite transmitting antenna
minor axis (ft) of elliptical satellite receiving antenna
system temperature (°K) for uplink
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Table A-3 (continued
- IDI = system temperature (°K) for fixed-satellite downlink
TDSI = system temperature (°X} for broadcasting-satellite downlink
IAM(I) = index of satellite antemnna aim point (regarded as an earth-
station)
IS(I) = index number of satellite for Ith link
IGU(I) = index of ground uplink station for Ith link
IGD(I) = index of ground downlink station for Ith link
IPLU(I) = Bplarizatlon of u _plink (Ith link)
IPLD(I) = polarization of downlimk (Ith link)
IRUTU(L) = flag, uplink {0 = FIM/FM, 1 = TV/FM) (Ith 1link)
IRVTU(I) = flag, downlink (0 = FDM/FH = TV/FM) (Ith 1ink)
IRVID(I) = number of ground receivers for Ith broadcasting—éatellite link,

Flags for all links

IBW =

ILLPT

JLLPT

KPBRNT

Crossi-polarization pattern (1 = best, 2 = worst)
flag for orientation of elliptical antennd on fixed-satellites
(0 = major axis of antenna footprint is EW through aim point,
1 = major axis of footprint passes through aim point and
footprint point), tending basically E-W)
same as ILLPT but for broadcasting satellites {0, 1 = same as
ILLPT, 2 = same as 1 but major axis tends basically

N~-8) :
flag for printing (0 = print all; 1 = summarv only)

aMajor axis if elliptical,

b‘Zero if eircular.
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I5 93-115 compute and store in square arrays all relevant values
of path length and the intersatellite and inter-earth-station distances
which will be needed for the calculation of off-axis angles and path
losses. The formulas used are given in Eqs. (70)-(74) of Sec. IV.

I5 119-147 compute uplink wanted signal power CU for link I using
subroutines ELLPS and GAIN. Equations {42) and (45) with J=I are used
for CU, and Eq. (71) is used for the off-axis angle DEL in IS 142 {pro-
gram step 37). Figure A-la shows the path géometry and tﬁe notation
used in the program. '

IS 150-168 compute in similar fashion the uplink unwanted signal
power X from link j into link i using Eqs. (42) and (45) for X and Eqgs.
(71) and (73) for DEL and GAM, respectively. Again, Fig. A-la shows the
path geometry and notation.

IS 169 and 170 use subroutine RTC to compute the receiver transfer
characteristic R or sensitivity factor Q and then compute the uplink
output interference contribution from 1ink j into link 1 using the
equations identified in the description of that subroutine.

IS 172-183 commands the printing of the individual uplink inter-
ference contributions, along with other data pertinent to the uplink
interference paths.

I5 185-199 compute and store summary results on uplink noise and
interference, and print them on demand. 1In particular, IS 187 computes
the total uplink interference UI after the individual contributions to
X/R or X/Q have been computed for all values of j and accumulated as
XSU. The results are stored for the summary printout by IS 19] for
fixed-satellite uplinks and by IS 195 and 196 for broadcasting-satel~
lite uplinks.

15 200-239 compute the downlink wanted signal power CD for link
i in exactly the same fashion as IS 119-147 compute CU, In the case
of broadcasting satellites, the calculations are repeated for each of
several sublinks {different recelving sites) on each downlink as com-
manded by the do-loop starting at IS 206. The path geometry and index
conventlons are shown in Fig. A-1b.

IS 242-269 and IS 276 and 271, respectively, perform the same
functions for downlink interference from 1link j into link i as do IS
150-168 and IS 169 and 170 do for uplink interference, The path

geometry and notation are also shown in Fig. A-1b.
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£ = Wanted earth station
S = Wanted satellite
A = Aim point of receiving

antenna on S

£ = Interfering earth station
§' = Satellite used by E

ES = Wanted signal path _
E'S = Unwanted Signal path
SA, E'S' = Antenna beam axes

— . .
(k1) {11) QN

a. Uplink signal paths

$ = Wanted satellite
E = Wanted earth station
A = Aim point of ;ransmittjng

antenna on 5'
s' = Interfering satellite

A' = Aim point of transmitting
antenna on §'

——————— SE = Wanted signal path
— —— — — ¢'E = Unwanted signal path
—— ~——— 35A, $'A'= Antenna beam axes

(k2) (J2)  (12)

b, Downlink signal paths

Fig., A-1--Indices used to identify signal paths in computer program
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IS 273-282 command the printing of the individual downlink inter-
ference contributions and certain data on the downlink interference
paths.

IS 284-302 .compute and store summary results on downlink and total
noise and interference, and print them on demand, In particular, IS
286 computes the aggregate downlink interference DI after the individ-
ual contributions to X/R have been computed for all values of j and
accumulated as XSD, The results are stored for the summary printout
by IS 291 for fixed satellites and by IS 296 and 298 for broadecasting
satellites. The total interference (uplink plus downlink) is computed
and stored by IS 292 for fixed~satellite links and by 297 and 299 for
broadcasting-satellite links.

IS 307-319 print a table which summarizes the input parameters

for each link and lists the satellite locations.

IS 320-335 print the summary table of interference and carrier-to-
noise ratio (uplink, downlink, and total) for each link and sublink.

1S 336-341 provide a means for running multiple cases and for

skipping duplicate inputs where possible.

The Gain-Product Subroutine

Subroutine GAIN computes the gain product for the uplink or down-
link as specified by the inputs defined in Table A-4. 1In the case of
an uplink, the input THl is the off-axis angle at the earth-station
transmitting antenna and TH2 is the off-axls angle at the satellite
receiving antenna. For a downlink, THl1 is the off-axis angle at the
earth-station receiving antenna and TH2 the off-axis angle at the satel-
lite transmitting antemna. In either case, the link may be a wanted
signal path or an unwanted signal path.

Regardless of the nature of the path, four antenna patterns are
involved in the computation of the antenna gain product. These are

designated as follows in the subroutine:

G(l) The co-polarized pattern at the earth statiom
G(2) The co-polarized pattern at the satellite

G{3) The cross-polarized pattern at the earth station
G(4) The cross-polarized pattern at the satellite
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Taﬁle A-4

INPUTS TO GAIN SUBROUTINE

"TH1 = off-axis angle at earth station (radians)
THZ = off-axis angle at satellite (radians)
I1 = index indicating which pattern used at earth station
12 = index indicating which pattern used at satellite
IPL1I = index indicating which polarization used at earth station”
1PLZ = index indicating which polarization used at satellite®
Fl1 = frequency (GHz) of earth-station transmitter or receiver
F2 = frequency (GHz) of satellite receiver or transmitter
D1 = diameter of earth-station antemma (ft)
D2 = N-§ dimensionbOf satellite antenna (diameter if circular} (ft)
X = E~W’dimensionbof satellite antenna (zere if circular) (ft):
DLPS = effective diameter of elliptical antenna {(ft) from ELLPS
subroutine
IBW = flag ind@cating whether best or worst cross-polarized
‘ pattern is to be used
z(D = horiéontal, 1 = vertical).

The N~S8 and E-W designations are approximate,
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1f the earth-station and satellite antennas have opposite polarizations,

the gain product is computed at IS 118 as

GANE = G(1) x G(4) + 6(2) = G(3)

1f the polarization is the same, the gain product computed at I5 120 as

GANE = G(1) = G{2)

The intervening steps in the subroutine compute the patterns G(1},
G(2), G(3), and G(4) in succession by matching them to the CCIR pattern
envelopes specified by input indices Il and I2. In particular, IS 17-
29 apply to the main lobe; all the rest apply to the sidelobe envelopes.,
Note that IS 31 can be understeood by referring to the list of pattern

flag values and indentifications given in the main program after IS 91,

SUBROUTIKE ELLPS

This subroutine accepts the input parameters displafed in Table
A-5 and computes the effective '"diameter' DLPS in feet of an elliptical
antenna for use in calculating the gain of that antenna in the direc-
tion of the specified earth statién.

The equations used in the subroutine are Egqs. (65) through (69).
The correspondence between symbols used in the equations and names
used in the subroutine is shown in the partial cross-reference table

given below

a = XAS bl = YAS
a, = AGS b2 = YG8§
11 = L1 m, = Ml n, = N1
22 = L2 m, = M2 n, = N2
rg = RS
r, = RA RA = ELA
r, = RG L. = ELG



-215~-

Table A~5

INPUTS TO ELLPS SUBROUTINE

RS
ELA
A
ELG
RG
D1

D2
FTPTL

FTPTR

ILLPT

Longitude of satellite (deg EY

Latitude of satellite antenna'aim‘point (dég M)
Longitude of satellite antenna aim point (deg Ej
Latitude of earth station (deg N)

Longitude of earth station (deg E)

N-S dimension of satellite antenna (ft)

E-W dimension of satellite antenna (ft)

latitude of footprint point used with aim point to determine
orlentation of one axis of satellite antenna footprint:

longitude of footprint point used with aim point to determine
orientation of ome axis of satellite antenna footprint .

flag to identify manner and direction of orientation of one axis:
= 0: D2 axis 1s made tangent to the parallel of latitude

through the aim point

D2 axis passes through aim point and footprint point

1
2: Dl axis passes through aim point and footprint point

e e

Note:

The last three parameters are transmitted to the subroutine‘by
the common statement. '



~216~-

When the orientation of the satellite antenna footprint is deter-
mined through specification of a footprint point (ILLPT = 1 or 2}, the
direction numbers L1, M1, N1 for the formula in IS 44 are computed in

15 28-36 in the same fashion as L2, M2, N2,

SUBROUTINE RTC

This subroutine computes the receiver transfer characteristic R
or sensitivity facter @ as a pure numeric from the inputs shown in
Table A-6. The equations used for the computation depend on the combi-
nation of wanted and unwanted signal as specified by the flags IRl and
IR2. Using the subscripts F, T and N for FDM/FM, TV/FM, and noise
respectively, the calculations are carried out as follows.

IS 23 and 29 compute R, using Eq. (24).

FF
IS 28 and 29 compute RFT using Eq. (29).

1S 31 computes R, using Eq. (4).

N
IS 44 and 45 compute QTT using Eq. (35).

IS 53 and 45 compute QTF uging Eq. (36).
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Table A-6

INPUTS TO SUBPOUTINE RTC

N1 =
N2 =
Wl =
W2 =
Fl =
P2 =
IRl =
IR2 =

SPPANY =

number of telephone channels on wantéd carrier

number of telephone channels on unWantedlcarrier

rf bandwidth of wanted carrier (MHz)

rf bandwidth of unwanted carrier (MHz)

carrier frequency of wanted carrier (Gllz)

carrier frequency of unvanted carrier (GHz)

flag for type of wanted signal (0 = FDM/FM, 1 = TV/IM)

flag for type of unwanted signal (0 = FPM/¥M, 1 = TV/FM,
2 = loise)

cutput picture-signal-to-weighted noise objective (dB)
for wanted TV/FM signal




81 @OVd "TVNISII0

ALITVNO 9004 J0

FORTRAN [V G LEVFL 2% MATN DATE = 74121 15721737 PAGE 0001

000t INTEGER®4 CHR

0002 DIMENSION SPSU52452) 4 AS¢52:5212A152,521,R5052),ELG{3D),RGIIS)
1,0GT{60)DGRELZOIDSTIH0) DSR{60)ELPTLEQILELPRIGO)
2y FGI50),FSI60),PNULG0) PHDIE0);WRFULS0)»WRFDIS0E, UNOLEDT.ONRD{E0)
3,ETAGI 120} yETASI60)+FPLIBO) ,FPRISED}
5, 1AMI60) ,15{60), IGUI50),IGDI120)+1PL U0}, IPLDI6D)
S, IPTGUI60) s 1PTGDIL20) s IPATS {601, IRVIUIS0) (IPVTDI60), IGRCVESQD
G VIULL1203,VIDIL204,VTDTE120),CYNUIL2 00, CVND{ 1208 ,TCYNIL20]

0003 OIMENSION NAM{503, TITL{20),CHR(120)

0004 COMMON GU4 ) FTPTL, FTRTR  JIERT

0005 DATA D/6.617/,RPD/1.T453Z9E-2/ +ERUMS /4, 0591€13/

0006 DATA C,C5/,34.09/4B0L/1,38066-17/

0007 PI45=164%9, 869604

0008 D2=2.%D

0009 DSP=D*D+1.

0010 PEs,1%9PD

oot PENa-PE

0012 10 CONTINUE

0013 NCASs]

a0l4 NCSX=]1

0015 READ 1 4NLNKyNSy NGy IRH s TLLPT {NGRCV, NF 1Xo KPRNT JLLPT

0016 1 FORMAY (1515}

0017 IFINLNK.EQ.0} CALL EXIT

0018 IFINGRCY,EQuD) NGRCV=NLNA

0019 READ 3,TITL

0020 3 FORMAT (2044)

0021 . READ 2. (RSIIN,I=14NS)

0022 2 FORMAT(GEL2.4)

0023 READ 34 [NAMET),I=14MG)

0024 READ 24 (FLG(I) (RGIIN4I=14MG}

0025 IF(NFIX.EQ.0] GO TO 280

0026 QEAD 24ELPTI ,ELPRI

0027 IF{TLLPT . NE, 0} READ 2,FTPTL,FTPTR

0028 VTPTL=FTPTL

0029 VTPTR=FTPTR

0030 READ 2. DGTI L FGI .PWUL MRFUT ,UNOI ,DGRI

0031 READ 2, DSTI ,FSI  ,PWDI (WRFDI . ONOL,OSRE

0032 280 CONTINUE

0033 READ 24ETAGIETASI

0034 READ 2,TUT,T01,TD51

0035 DO 12 T=1,NLNK

0036 READ 1oTAMET)41S0T), I6UT1),1GDI1 3, IPLULT)IPLOLT)
v Lo IPTGUI Y}, IPTGCLI) 4 IPATSI L}, IRVTULT) 5 IRVTDLED, IGREVITD

0037 12 CONTINUE

0038 IFINFIX.EQ.0) GO TO 290

0039 DO 160 I=L4NFIX

0040 FGI1)=FGI

0041 FS{I)=FSi

004 K=IGD1 1)

0043 CHRUTI=NAMIK)

0064 ELPTITI=ELPTY

0045 ELPR{T1=ELPRI

0046 DSTL11=0STI

0047 DSR{1)=DSRI

00438 DETI13=DGT1

0049 DGRE{T}=0GRI

0050 ETAG(11=ETAGI

0051 ETAS{1}=ETASI

-81¢-
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o052 - WRFULTDI=WRFUI

0053 . WRFDUT I=WRFOT

- D054 UND{T)=UNOTY

0055 . DNDH 1) =DNDT

00546 PHU{T)=10,%%{ 1*PHUT)

0057 PUOLL)=10,%*{ 1*PWDT])

0058 160 CONTINUE

0059 290 CONTINUE .

0060 READ 2,ELPYL  LELPRI

0as1 NL=NFIX¢l

nos62 IFLJLLPY NELO) READ 2,(FPLIT),FPR{T] ,TENI4NS)

0063 READ 2, DGTT LFGI +PWUI HWRFUT ,UNDI 4DGRI

0064 READ 2, 057TL  ,FSI L,PWDI ,LWRFDI1 ,0ONOIL,DSRI
- DO6S - N2=NFIX#NGRCV

0066 READ 3,(CHRILI.I=NL1,N2}

00467 READ 1,IPTGDI,IPTSU

0068 READ 1, (IGD{I),1=NL,N2)

0069 DD 162 T=N1,NLNK

0070 ELPT(IM=ELPT]

007! ELPRIT}=FLPR]

0072 DSTILT)=DSTY

oo7T3 DSR{I)=pSRk]

0074 DGY{1}=DGTI

o075 ETAS(I)=ETASY

0076 . IPL=T+1=-NFIX

Q0T NLFCON=JPL=Z2*[IPL/2)

0078 DELF=DLFCON®,02

qore FSITI=FSI+DELF

0080 FGUI}=FGi+DELF

goal WRFU{T )=WRFUL

0082 WRIFDIF)=WRFDI

0083 UNDLT ) =uNOT

0084 DNO{ I )=DNDI

0085 PHULTI =L %2{ [ *PHUT)

0086 PWD{I)=10.%*[,1%PWDI]

0087 162 CONTINUE

0088 00 161 I=N1yN2

0039 IPTGDIT)I=IPTGDI

0090 ETAGIT}=ETAGI

2091 161 DGR(T}=0GR]

L1 ] KEY TO ANTENNA PATTERN FLAG
*% EARTH STATIONS, SIDF LOBE, CO-PDLARIZED
FLAG = Lt BROAOCAST SATELLITE SERVICE, COMMUNITY RECEPTION
FLAG = 2! BROADCAST SATELLITE SERVICE. INDIVICUAL RECEPTION
FLAG = 3t FIXFQ SATELLITE SERVICE )

f
c
C
z
c
c
£ ok SATELLITES, SIDF LOBE, CO-POLARIZED
f % RROADCAST SATELLITE SERVICE
C FLAG = 4: NG LCBE CONTROL
€ FLAG = 5: NORMAL LOBE CONTROL
., C FLAG = 6: LIMIT OF SEDE-LOBE CONTROL
r FLAG = T: %% FIXED SATELLITE SERVICE
e
€ eknx KEY TO RTC FLAG (TEvTW #np TRVTD)
£ FLAG = 03 VOICE CHANNELS '
€ FLAG = L Ty -
£ FLAG =
"

23 UNWANTED SIGNAL 1S NOISE (2ND FLAG ONLY®

-6TZ-



ENAaTRAN

1392
J0%3
1094
20635
29096
Q097
30648
0095
0132
2121
z1a7
1133
A1 0w
28
210s
107
21928
7106
a1in
Sitl
orle
113
Dlia

15
dlla
3187
oiis
a1ls
qiz20
2121
aizez
0123
nl24
0125
0126
o127
al2s
0129
0130
0L31
a13az
0133
Gl34
n135
ni3e
0137

0138
0139
Q140
014t
0laz.
0143

0144
N1as
2145

Iv G LEVEL 21 MATN

360 FONTINUE
N7 25 l=24NE
SRS (1, 1120,
Tw=1-1
R 25 J=1,1m
SE0ZES INT.S®{RS[JI-2S5(T1)%ART|
25 SPS{J, [1=5m5
N0 1=, MG
SUS 11, 13=0,
TMs]-]
C5L=C0SLELG (] 1#3pD)
SINL=S 19 17LGI] 1*RP Y
RGIR=RGL I )y=apn
[F(l.EQ.1) o0 Y0 2y
0N 27 J=1, 1M

DATE

= TalZl

15421737

COSB=C NS e CRS{ELGI )« RPOI2COS(RGIA-AGIJ AP )+ SINL®SINCELGI J)=RA D}

27 B8S(1ydd=2.%11.-C05%)

28 N 30 J=14NS
COSA=COSL*COS{RGIR-RS(JIERPRY
AA=08P-02=CN%4
A, d0=8n
AQ=5QRT( 44)

A01,3)=40

C ERER G FIRST INBEX [S GuS. #, SECONS TNDEx

39 CONTINUE
KREMEzl
[FIKORNT JEQG.0) POINT 54,T1TL
N7 60 T1=1.NONK
JIfPY=0
1F{ILLPTF2.0) GO TN 131
JIFRT=ILLFRY
FTPYR=yTRTD
ETPIL=yTPTL

131 CONTINUF
I=IS{1I)
Ki=1GUli1)
It=1AM(IT]}
A=a{[1ly11}
AL=AS{TLl, 1)
GAM=D,.
neEL=q,
F1=FGIII2
TPATI=IPTGUCIT)
IPAT2=1PATSIIT}
DLPS=0SR{IT}
TF{K1,EQ,1L) GO TN 38

15 SAT . #

TFTELPRETTINESOL) CALL ELLPSIRSIT),RGIT1}oELGLEL} RGIKL)ELGIKL ),

1 DSRIII},ELPR{IT},DLPSY
IFIK1.GT.ILY GO TO 36
PS=SPSIT1,KL}

GO TD 37
36 PS=5PSiK1, 1LY

37 DEL=ARCOSUIASIKL I +2A-PSI/A{AIKL,I)e8Q%2,})
38 CALL GAYNIGAM DEL, IPATI 4 1PATZ 1,1+FL +PELDGTLTT}OSRITIILELPRILY,

1 DLPS,ETAGUIT) ETAS{IT),1BNW,GANE)
CUSGANE= PRI IT)#MS A LPI4SmapwE J%e2)
CYNIUSBOLHTUI =P e T1h U
CVANUT==1C AL 101 0veeY)

fEFUMS

PAGE Q003
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alarT
D148
0149
0150
0151
01562
0153
0L54
oL55
01558
0157
0158
0159
0160
0161

0la2.

0143
134-11
0165

[13Y.13
o167

0168
016%

Q1TL
o171
g172
0173
0174
0175
0174
oLTT
c178
o179

0180
0Ll
o182
nre3

0184
0185

0188

0187
0188
0189
0180
0191
ar4a2

0193

0194
01435

CWNULTTI=CVNUIT
XSU=0.

00 35 JJd=1,NLNK
IF{JJ.EQ.11Y GO TO 35
J=18{44}

J1=IGUCJJ)
A2=2.%A{J1,1}
ASK=AS{J1,I)
[F{J.GT.1F GO TO 21
55=SPSTJ,1)

GO TO 32

31 5%=5PS(1,J)

32 TF{J1.GT.TI1) GO TQ 33
P5=5PSII1441)

" GO TG 34

33 PS=SPSLJ1,11)

24 DEL=ARCOSI{AA+ASX-PSI/(AQ*AZ))
GAM=ARCOSILASX+ASIJL,J)-SS)/1A1J1, ) *A2))
TFLELPRUTI)NEOLICALL ELLPSURSEIH,RGUTLIELGETIN,RGEILY,ELGEJL),

1 DSRUTI)LELPRIITY,OLPS) :
TIPATL=IPTGULJI )
CALL GAINUGAM,DEL, IPATL,IPAT2, IPLULIJ) L IPLULTL),FL1,PEN,
1 DETIJI) »DSRELITIFELPROTIN 4DLPS oETAGL JJ) 2 ETASIIT ) o LOWGANE)
X=PWULJJ VECSEGANE/ {PT4S *ASXRFISF 1) /ERUMS
CALL RTCOUNDITT Y 4UNOUIIbe WRFUCTT Iy WRFUCIS NG FGLTLE, FGLIJ}
Le TRVTULIT I IRVTULIL 12 SPONW,R)
XSU=XSU+X/R
IFIKPRNT  NE.O) GO TH 35
E1=X/{R%C1})
TPB=10,*8L0GL0IRY
XDB=10,%aL0G L0 X)
GDR=10,% 44 OG1O{ GANE)
IFTIRVTULTI)LEQ.L) GO TG 135
ADB=ROR+90,
PRINT S1,JJsE1,%0B,R00,G08
51 FORMATLLON,® 1%, 12,'1 =',FLO.2.* PWOP, X =",F10.2,* ORws RTC =1,
1F10.2s" DB, GAIN PROD, =0 ,FLO.2,* D8 ')
Go TO 3§
135 El==]0,%ALOG1OLF])
PRINT 52,JJ4+F14%XDR,ADR,GNA
S2 FORMAT(IN,VOC/RU*y [24"} =*,F1042," 38, % =!,F10.2" DRK, 3 21,710
1,2." 08, GAIN PROD, =¥, F10,2," DA*)

35 CONTINUE
IFIEPRNT (EQ.0)

LPRINT SS4T14NAMIKLEZELGIKL I 4RGIKT} 25011

55 FORMAT (/4 UP-{ INK #%,13,0, GROUND AT " ,A5,2FA,2.' TD SATSLLITE 7!,

1Fa.2)

ut=xsusey

C=10,*41G100CUN
XSU=10.*%aL3GLOT XS
PELIRVTUCTLIILEQLYY G0 TN s
ViUt =yl ’
TRIKPRNT ,EQ.0)

LPRINT 56, UT4rYNUT T, x5

56 FNAMAT( *  YP=LINK: | =0, §3.0,0 DWGB, (/N =+,F9,1,' N8, ¢ =t,
1F9al,% DEW, X/B SUM =% ,EQ_ 1,4 DR/ /)
60 TO 140

136 XDO==10,%8L0GL0HT)

il A A
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0194
0197

n1ea

0199
naoa
n201
06202
0243
0204
0205
0206
0207
az208
0209
nzZ10
0211
0212
n213
0214
nz1s
0216
o217
LFAR:)
0219
gzan
nza2l
DzZ22
0223
0224

nzz2s
0226
gza7
D228
0229
0230
0231

az3a2
0233
0234
n23s
0236
0237
0238
0239
0240
0241
q242
N243
0244
0245
0246
Q24T
0248
0249

58

140

133

134

46
47
48

21 MATHN DATE = 74121 L5721/37

VI =x0Gc¢

IFIKPRNT FQ,0)

LPRAINT 58, X0C 4L VNUT (MU, XSU

FIRMATE ' UP-LINK: QAC/X ="', F9,1, ' DB, C/N =*,F9.L,' DR, C =",
1F9,.1,* NBW, X/Q SUM =',F9.1," DBR'/ /)
CONT INUF

KGROV=TIGRCVIILY

IF{KGRCVY ., FR. 0} KGRTV=1

KRMN=KRMX ¥ 1

KRMX=KAMX+KGROY

KZ=TAM{T1])

F1=FS{TI}

DN 70 KK=KRMN,KRMX

12=1601KK)

AA=AST12,1)

A0=A{12,1)

OEL=0.

GAM=0,

IPATLI=IPTGD{KK]

1PATZ2=IPATS{I]}

DLPS=DSTLII}

[FIKZ2.EQ.[2) GO TO 48

IF{ELPTITIT11.EQa04) GO TD 134

JIFPY=N

[F{I1.LE,NFIX) GO TO 133

JIFRT=1 L PT

IFLJLLPT FQ.0) GO THA 133

FTPTL=FPLI( I}

FTPTR=FPR{ I}

£.ONT [ NUE

CALL ELLPS{RS{I) 4AGIK2) +ELGIK2 )+ RGIT21,ELGLTI2),

1 DSTUITI+FLPY{IL), DLPS]

CONTINUF

IF{K2.GT,12) GO TD 46

PS=5PS{12,K2}

GN TO 47

PS=SPSiK2Z,.121
DEL=ARCOSE{IASIKZ 1) +8A=-PS)/{ALIK2,11%AQ%2. 0] -
CALL GAIN{GAMyDEL, TPATI, IPAT2,1+LF1 (PE,OGRIKK I DSTIITIELPTL{TII),
1 OLPS+ETAGIKK) ETASLTI},IBW.GANE]
CD=GANE*PWDI{IT }SCS /TP [4S*AASFL&22] /ERUMS
THP=TD1

TF{IT.GYNFIX] TMP=TD5S]
CUYNRP=RAOL*TMPEWRFN (T T} /(D
CYNDI==10,* 2L DG L0LCYNRD]

CYNDIKKI=CVYNDI

TTCYN==10,.*%AL0G10{ CYNRU+CVNRD)
TCVNIRK)=TTCVN

15D=0.

DO &5 JJ=1,NLNK

1F(JJL.EQ.TLY G TO 45

J=180.03)

J2=TAMI 1)

A2=2.%A( 12,41

ASX=AS(12,J1 )
IF{JGT, T4 G0N TO 41

$S=5PS .1

G TD 42

PAGE 0005
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0250
0251
0252
-NZ53
0254
4255
0256
o p2se7t
0258
nas9
02460
2261
0262

S N2Zn3d

0264
J265

0266
0267
D268

azew
0270

271
0272
DESE]
0274
22745
02te
277
a7 7a
0zZr9
289
028l
0282
NZe3
0284

02ZRS5

Eera-1-]
N2a?
n28n
0289
nzso
nzqa1

oz
3293

0294

2295
0296°
2wl
nzas
0299

LEVEL

41
42

44

Z1 . MAIN CDATE = T4121 15721737

SS5=5PS5I(1,J]

1F1J2.GT.12) GO TDO 43
P5=5PSET2:sd2)
“GN YO 44

PS=5P5{u2.12)

Gam= ARCOS:(hb+nsx—551/(notazll
DEL=ARCOSTLASX+ASNIZ V=P SI/TALI2, 0} A2} .
TFAELPT1IJU1.FQ.0.1 GO TO 144
JIFPT=D

TFLJJLLELNFIX] G0 TD 143
JIFPT=JLLPT

TEOJLLPT LEQ.Q) G617 T2 143

. ETRTL=EPL L]}

143

144

16%

45

55

-]

146’

ETPTR=FPR{J}
CONT INUE
CALL FLLPSIRS1UN yRGLIZ2E +ELGII2),RGITI2),ELGHT2),
1 jRTIJJl,ELPT{JJl OLPSE
CONT INUE
IPATZ=IPATS(J4J1
Capd GAINIGAM, DFL.1PATL‘[PAT27IPLD(]llo|PLD(JJ||F11PENn
1 DGP!KKI.DSTlJJ!.ELﬁTlJJl.ﬂLDs.FTAGIKK).EVAS[JJ!.IBH.GANEI
X=PWDl S IRCS*EGANES (PLAS®EASX®FLEF [} /ERUMS
At RTC!P?DI!IP-DN”{JJl.dQFU(Il!.wlFGlJJ).FSlllluFS(JJ}
1.IPUTnitli.leTnlJJI.SPONH a1
X50= x50+ X/2
IF(KPRNT NELO) GO TN 45
CEl=X/HRELD)
RDR=10. *ALOGLOLP)
XOR=10,*8L06100X}
GNE=10.* 4L G LOIGANE}
TRUIRVTDOTI14FQa.L1 GD TO 145
ROAR=RNR+40,
PRINT S1l,JdJs5LX0R, QUB FDB
TGRTA 45 i
B1==10,%ALOGLOIETT
PRINT S2,JJ¢ET4XDA,RDA,GDAH
£ONT INUE
IFIKPRNTLEQ. Di
1PRINT bi.ll'fﬁqlKKl.ﬂLGtIZI QG(Y2),25(T} } i
FARMATL/*  DDWM=LINK #7,73,7,7,45,7, AT', 3FH, 2, €ROM SATELLITE AT
1%,FB. 21 )
ni=xsb/cn
TOTI=U[+D]
CD=10.%ALNG1OCCO}
XS5D=1Q.*2LDG101 X5D)
TFITRYTDITI ) 4FQul} GNP IO 146
VIDIKK}=D]
VICTIKKD)=TOT]
IFIKPANT LEG.D)
1P INT H6y DI GCVNDT CD,XSDTOTI,TTO YN

FNRMAT (. * [COWN-LINK: T =f,F0, 1! PWOPs [/N =%:F9.1," DR, € =V

[+FQ, 14" DBWy X/R SHM =9 ,F9 1 ,¢ DREI /T TOTAL [ ='2F9.1,s" PWOP,
2TATAL C/N £1,E9,.1,% NBY//)

GNn Y3 150

X ==10. 2L 0GLO(0] }

TNT=~10,=8L0GLI0ITOTY

VID{KK ) =X

YIOT KK 2TOTE

PAGE 0008
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03Ing

n3nl

0302
0303
0304
0305
03224
307
308
2309

Q310
0311
03i2
1313

1314
0315

2316
0317
nils

0319
N320
0321
Q322
03123

0324
0325
N32s
0327
0328
0329
N334
0331
0332
0333
0334

0335
0336
0337
2338
0339
4340
N3al
0342
0343

DATE = T4121 15721737 PAGE

IFIKPRNT ,EQ.D)
LPRINT 68, XG0 ,CVWNDT 40D, 8D, TOT], TTC VN
af FARMATU v DOWM=LINK: QC/X =V, F9,1, ¥ 08B, £/N ="', F9.1," PR, [ =1
1yR3. 0t DFW, X/ SUM =Y, FS.1,* DRN' #" TOTAL C/X ='4FG,1s' OB,
2T0TAL C/N =',FG.1," DARY//)
150 CONTTNUF
T0 CONTINUF
IF{KPRNT LEQ,0) PRINT 57T
5T FAPMATI/5X 25 txskxt) /)
60 CINTINUE
PAINT S4,TITL
PRINT 82
A2 FORMATI/1BX,'6.5,0TA, SAT.OTA,l S&T,0[A,2 FREQUENCY BANDWIDTH
1 EFFICIENCY PCWFR ¥ CHANMELS TEMPERATURE POL, G-PAT-5'}
N0 75 T=1NLNK
TMP=TD]
TF(T4GT4MFIX) TMP=TNSIL
T5 PRINT R3,1,DGTL I}, DSRITILELPR(TIN,CGI T}, WREUIT) ETAGITY OWUCT]}
1o UNDLIN TUTLIPLULTI I TPTGUL T}, IPATST L)
2 sNGPILIDSTOIY 4FLPTET,FSEL) yWRFD(T)4FYASL T} ,PWDI{T)},ONDI 1)
JsTMPTPLOIT) L IPTGDIT }, TPATSIT)
83 FORMATL/18,4%Y UP ", &6F11.3,3(F10.0:2X),315/9X,"DOWNY,,6F11.3,3{F10.0
1+2X0:31%)
IFINFIX,GT.0)
1PRINT TL,IRSITI+1=1.NFIX)
Tl FORMAT{/ /710X, "FIXFD SATELLITE LONGI TUDESY/{/6F15,31))
Ni=MFIX#]1
TFANSGEWNLY
IPRINT T2,(R51T1,41=N1, NS}
T2 FAPMATL/// 10X,y "BROADCAST SATELLITE LAONGITURES /{/6FL5.3) )
PRINT b4 ,TITL
54 FORMAT[IHL 10Xy 2084}
PRINT B4
B4 FORMATUESTIUX, "WARNTED { IMKY o1 EX YUP-LTNK? 45X, TUP—L ENK?® ;27X 4 'IDWN=-LTNK
13X, "O0OWN-L INK? yB Xy * TOTAL 4 TX o "TOTALY/ 30Ky * IMTERFERENCE" ,SX4"C/NY
2y TX P INTEPFERENCE? 45X o "C/NY TX, "INTERFERFMCE Yy SX4 'C/NY)
KoMx=0
D3 B0 T=14NLNK
Ite=IGUII)
PRINT 8%
B& FORMAT{IH )
KGRCY=IGROVIL)
TFIKGRCY.EJ.O) KGE{W=]
KRMN=KFMX+]
KOME=KRMX +KGRCY
N 80 K=XAMN, KHMX
BO PRINT BSTyNAMITI)CHRIKY pVIULT W)« VIDEIK VW CYNDIKY A VTOTECK S,
1 TOVNIK) -
85 FORMATITLIO,L&," TO'4AS,313X,2F12,.1)01}
NCAS=NCAS+)
TFINCAS,GTLNCSX) GO TO 10
320 CONTINUE
PEAN 3,TITL
PEAD 15,2,:END=999) {RS(I},I=1,NS)

GJ TD 300
999 CALL Ex1IT
END

0007

~%el-



FORTRAN IV G LEVEL

nnagl
2002
2003
3004
noos
INGs
anny
0008
009
nol0
2011
Qo012
anl3
00L&
015
anie
aal?
Jois
Ml
jplal4s]
3021
N2z
IN23

QD24

0025
o026
0027
1325
0029
0030
3031
J13z
0033
1034
713%
M35
037
00348
noag
90 4eD
o4l
a2
043
3044
0045
Jabk
0na?t
J043
1149
150
3051

052’

10

20

21 ELLPS OATE = 74121

SURPOUTINE ELLFSTRS, RA,SLAAGHELG,ILeD2yDLPS}
BEAL®G L 1sL2yMLyM24NL N2
COMMON G{&)+FTPTL,FTPTR,ILLPT
NATA RPD/] 74532962/ ,Nt6.61T/
R5R=RSER PN

XS=D%COS (PSR

YRS [NTRSR)

EAR=LAREPRY

CRAZrIS(RAR
SRA=SIN(RAR)
FLARELA#RPD
[LA=COSIELAR)
IA=SINTELAR}

FGPZRGRPN

FLGA=ELGHRP[
CLG=rOSIELGR
1G=SIN{ELGR)

XA =CLA®CEA

XAS=XA-XS

¥h =CLAXSRA

YAS=YA-YS
X55=CLGXCNSERGR |=X&
¥5SEULGESINIRGR Y-S
LZ=IGxYLS-ZA8YGS
MZ=TAXXGS-IG#XAS
NZ2=XASRYGS-AGS®YAS
IFCILLPT (EQL DY G0 Ta 1n
FLR=FTRT{ ®RRN
FRR=FETPTR®AR]
CLF=CNS{FLR)
XFASCLF%COSIFRR I-XA
YFa=CL FRSINIFRR)-YA
IFA=SIMIFLR]=2A
L1=YAS#*ZFA-Z08 kYFA

Ml=/A BRXFA-XASHTFA
NI=XACEYFA-YASHXFA

$G7 TG 20

CONT TNUFE

Lls—CRA®ZA

Mla-SRA®ZA

N1=CLA=NELOS{RAR-RSR}

CANTINUE
DENZSQRTILLIALL+MI*MLENIHNLYI# (L 2%, 24 M2® M2 #N2ENDZ ] )
CASP=s{L 1L 24MLI=M24NLENZ )/ DEN

p?s=02202

IFLILLPTLEQ.2) GD TO 25

DLPS=  DL%EDZ/SGRT(NZSACNSPRCOLP#I ©14N1-D25))
RE TIJRN

nls=oLsnt ‘

PLOS= . DL®D2/SORTIDLS+rISPREOSDEIDZ5-015))
KETURN

ENP

1572k 737

PAGE 0001
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FOPTRAN

000l
ngg2
0303
0004
0005
0906
007
Go08
0nos
gala
001l
noL12
Jo13
0014
J015
Q01s&
0oLy
onle
gal9
o020
noz1
qoz2
0023
aoze
an2s
0026
0027
oozt
0029
ng30
alsk B 1
nniz
0033
QA0 34
1035
0036
n037
0038
039
1340
Q041
042
a043
0044
045
D044
N0&7
N04R
0049
0asn
nas1
0052
Q053
0054
0055
30546
0057
0054
oost

IV G LtFVEL

10

20

30

40

44

50

5%

65

21 LA LY DATE = 74121 15721737

SUBRQUTINE RTCL NLy N24WL4W2+FL1,F2,1R1, TR2,S5P0NW,&)
PEAL 24 TPAIW oML eM2Z,MS MISoNLNZ MU

DATA CPOT,,RTI0,CFM/5.013257,,310822784.0042/
NATE [PXEW/4, 5669127, CFMTV 4.2/
1FUIR2,50,2) GO T 10

F=Fl=F2

FN=FD*¢1.E3

FM2zCFMaN2

[FIIRL.FOQ.1) GO T &40

COnT INUE

CON=42,8

IFINLL LY .240,) CON=],TRNLO*,6

FML=CFM®N]

MI=RTIO*{.5*Wl/FML~1.1}

M1S=M1nM]

IF{IRZ.EQ.2) GO TD 35

V=FN/Fm]

MZ=RTID*( 56 N2/FM2=1,])

W2=M2OFMZSFM]

ME=MLSeM2EM2

IFIIRZ2,EQ.1) GO TD 20

DFNzEXAP =, S8 |, e VI ¥R /MSY +E AP (~a 5% (1 o~V I*E2 /M5 }
R=CPRT=IPXTI WML S*¥SORT(MS) FOEN

G0 ™) 3n

CONTINUE

NFAC=3,1454¢] ,T*M]E

DFEM=FEXP{={ 1. 4¥W)ax2 /OFAT YeFAP{~{1,-V) &2 /OFAC)
R=IPXIW* (248 %YIS¥M]L]/DEN

R=paCONw],E-9

RETIRN

R=2 WS4 ({ML/RTIO+ 1, b oIPX 1Y

Gl TO 32

CONT ENUE

FFLABS{FD) JGELLS¥IHWL+W2E) GO TC b5
FM1=CFMTY

Mlz,5%wl/FMl-1,

IF(IR2.EQa2) GO TO 55

[F{FDLLT,.0,) FEO==FD

{F(IR2,EQ.OY GE TD 50

R=1,

LFiFD.EQ.0.) RETURN

M2=,58W2/FM]l-1.

Miy=pl /M2

QDR=FD/M1%* 854,475 AL OGLOA MU} FUI %2 ,SHFDEE [ ,645FMUY
R=10.%%{ 1 *QOR)

RETURN

CONTINUE

M2x,5%W2/FM2=-],

M2 FM2/FMLIRe},5

MU=HW1/M2

QDR=%.4

IFIFDLEQOa} G2 TO 44
QOR=QDREFD/MIsR 1S5+ ASFALDGLI (ML /M UseJRED =N  52M))
G TO 44

Rz 10®®4 NIXIPXIWE [MLI+] .} /SPONW

RETUPN

f=1,F10 -

RET{PY

ENT
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FORTRAN IV G LEVEL 21 GAIN DATE = T412] 15721737

0001

Qo002
00Q3
01934
ongs
2006
2007
7008
2009
aotg
2011
ng12
2013
J014%
2015
nole
nary
oo1ls
o019
0020
aozi
o022
0023
0024
0ozs
3026
no2y
0o28
002%
2030
0031

nnaz

0033
0034
0035
nis
nH3y

2038
1039
0040
0041
N0&2
0443
0044
DN45S

0046
0047
N048
NN4g
30640

0051
0052

SURRDUTINE GAINITHL,TH2,1 1,124 1PLL,1PLA,F ,PE,D1,02,DX,DLPS,
1 ETR1,ETAZ, 1AW,GANE)
TIMENSION Gl4}
COMMON G ‘
CDATA PR PEH Py PI2/57,.2957851,570796,3,14159%,6, 283185/
DATA FYOM/0,3048/,CC740,5/
160=11
J=1
N=NixFTOM
DS=D*n
nU=D
ETA=ETAL
ETARToSQRT(€T4)
PHD=14,43825/ {ETARTADUSF)
PHE=PEAPHD
PHI=THL
1 TONTINUE
GO=109.6623%ETARDS*F2F
GOLG=ALNGIOIGO)
PH | =PHI+PHE
IE(PHILLT.0.) PHE=O.
PHIN=PHI PR
FLQAT=PHID/PHN
TRIPHELFQ,0,) 60 TO 220
- FRLG=ALOGIO(FIRAT)
IFIFIRAT GT,0.5) GO TN 10
U=1).4 7198 ETARTHOUSF#E [N (PHI )
USU=STN{U) /U
G4=50%(,99T76%ySURE2,25+,0024)
Gl4}=64
G2 TN 100
L0 BN TO (20430,40,55,50,51,600,1G0

| wAaR FAPTH STATIONS, SIDF LABES, 40-POLAPIZEN

20 CINTINUF ’

wan BACADCASTING SATELLTTE SEAVICE, COMMUNITY FECERTION
GL=GOLG~1405-2.56FRLG
GPH=1,
TFIGLLLELD,) GD 10 95
57 70 94
30 CONTINUE : B .
Lk BRCANCASTING SATELLITE SERVIEE, INDIVINUAL RECEPTIQN
GL=GOLG=49=2,#FRLG
GMIN=G,

ITF4GOLG.GTW ) GMIN=GMLG~3,
TRIGLLLT . GMING GL=GMIN

GPH=1.
IF{GL.¥Q.0.) GO TO 95
- GDOTO 94 ’
40 CONTINUE
Rk FIXED SATFLLITE SERVICE

PHOL =ALTIGE D¢ PHT )

PHLG=ALDOGLOtPHID)

[F{FIRAT (GEL1,5) GT TN 45

GND=3.2-2.5%(PHDL+0,17609)

IF(PHO .GT .0, 66666661 GMD=GNMQ, 1T4+0 HOL
TRER AT TEOPHD £ 2/3, DJLAMBDA > 100

GET=GOLG~0.3

GL:GST+(GND—GST!/0.41?12*!FRLG+0.30103"_

PAGE 0001
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FARFTRAN

nce3
BT
1055

00546
nas7?
nosa

03559

anen
ol -
262
1063

J0e4
065
J066

MWeaeT
N0&H
069
nITa
DOTL
Qarz
273

0AT4
n37s
AR L
oor7
2078

no19
Jo8d
J081
nngz2
a081
0B84
NNBS
086
MNBT
PREL]
noagy
onea
no9l
3032
a3
2094
1Q95
[elel-T.
0097
0095
0099
L3R o]
0101

v G LEVEL 71 CALK NATE = 74121l

Sy

G TD 44
5 HL=3.2-75%PHLG
[FAPHD LGTudabbbhbbe) GL=GL+T, 1T6#PHIL
ERE KA G [F PHY > 273, M/LAMBDA < 120
48 GPH=(0,1
IFIGLLE.~L+] &0 TQ 95
G TO Y4
Eh R SATELLITES, SIDE LNRES, CO-POLARTZED
SO CJHTINUE

e REALNCAST [NG SATFLLITE SERv ICF
ken NORWAL LTRE COMTRAL
CLNSTANTS FOR  NORMAL  STIDE-LCRE CONTROL
r2=1.0928
T4=3,8019
67 TP 52

51 COINTINUF
CONSTANTS FNr LINIT OF SINE-LOBF CONTROL

(2=1,4251
C3=15.138
52 TF(FIRAT.GT,0.81193) G TO 53
e (NT LCRE CONTROL - #55 ONLY)
55 GL=GOLG-1405=2,9%FP1 G
GO TC 54

53 TCIFiRATLGTLC2) GO TP 54
SL=G0LG- 2.~ 13, 2FRLG
GN TN K&

S4 IFIFIRATLGTLE3) GN YO 9%
GL=AOLE-2.5

xx [LTMTT OF SIDE-LOBRE CONTROL }
TEFIIGCEQen) GL=GL=1,.5
58 GRH=1.
[FIGLLLFE,O,) GO TD 95
G T g4
60 MY INUE
Tk FIXED SATELLITE S¥Ryifc

{FIFIRAT.GTWlWZ29L) GO TO 61
GL=GOLG-14 2*F IRAT*FIRAT
G2 TD 68 ’

6l TF(FIRAT,.GT,.3,1623) GO 7O &2
GL=GCLG-2,
G0 70 68

62 GL=GOLG-.75-2.5%FRLG

66 GPH=.1
IF{GL,LE.—1.0) GO TN 95

G4 GPH=10,#%GL

95 GUJI=GPH

100 CINTINUE
[FIIPLLLEQ.IPLZY GO 1D 195
IFI{FIR2T.GT.0,.3920857) GO TO L4l
DELGX=3,.5
G3 TO 145

L4l IF(FIRATLGEal1,107143) GD TN 142
NELGX=4.6—-2.8%FIRAT
GO TN 145

142 NELGX=1,5%

L45 TEF(IRW.EQ.2) DELGX=DELGX-0.5
GIJe21=GlJ /10 **DELGX

195 IFUI.EQL2E 60 TN Lol

Laz21r737
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FORTRAN [V O LEVEL 21 GAtM DATE = 74121 15/21737 PLGE 0003

o102 16212
% n103 J=at)
) 0194 D=n2eFTOM
& o115 DS =0%D
E 0106 ouy=s
o107 FTA=ETAZ
F 0108 - ETART=SQRT(ETA}
0109 PHO=14.43825/1EYARTRDUF)
= atio PHI=TH2
= 0111 PHE=RE
:op o112 IF(DX.EQ.0.} GG TO I ‘
iy [T a113 DS=NENXEFYM
: oLl4 DU=OL PSRETOM
o9 BLL5 PHO=14.43825/ 1 ETAR TADLRF)
~ alle 67 TO 1
~ 0117 101 IFLIPLILER,IPL2Y GO TN 210
o118 201 GAME=GILI*GI4)+G(2)%G13)
D119 RETURN
atzo 210 GANE=G[L)#G{2)
0121 RETURN
0122 220 G(J1=60
0123 : 60 TC 139

0124 . END

602~
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